


THE ELECTRON THEORY 



nv THE SAME AUTHOR 

TWO NEW WORLDS 

I. lUK INKKA n(MllJ) 

11. TllK Si ritA -WOKLI) 

Clown 8vo, »3h. .IJfl. not 
L(jN(iMANS, CItKKN, AM) C'f) 

NKW Y*»hK, liOMHAV, ASK (WIA'l 1 I’A 




I'l;. (i. j()iiN-'r« »\ !•; 


/ f>i . .f i/t ii Jill 1.1/ lillnift ,i hill 

^ I • 





THE 


ELECTRON THEORY 

A POrULAil INTllODUCTION TO THE 
NEW THEORY OF ELECTRICrJK;^ 

AND MAGNETISM 


BY 

E. E. FOURNIER d’ALRE 

B.St. (Lond.), A.H.C.Sc., M.K.l.A. 

COMPlLEli OK “C0NTKM1M)WABY ELECTRICAL SCIENCE’* 

WITH A PREFACE 
BY 

G. JOHNSTONE STONEY 

M.A., SC.D., F.iLS. 

With Frontitpicce^ and Dioffranu tn Text 


THIRD EDITION 


LONGMANS, GREEN, AND 00. 

39 PATERNOSTER ROW, LONDON 
NEW YOBK, BOSIBAY, AND CALCUTTA 
1909 


All rights r«aerv«Kl 




PREFACE 


In 1811 — nearly a hundred years ago — Avogadro 
promulgated the important law which boars his 
name, and which gives expression to the fact that 
all the more perfect gases, when reduced to the 
same [)rcssuro and temperature, will contain within 
a given volume the same number of gaseous mole- 
cules. The fact was established: but the reason 
why it is so was not then umlerstood, nor till long 
afterwards, when in the forties and fifties of the 
last century some of the activities that go on within 
gases became gradually known. Until these later 
dates it was erroneously supposed, even by oarehd 
students of nature, that natural objects wliieh to 
our senses appear at rest — such as stones, coin.s, 
books, air which has been left for a long time 
undisturbed within a room — are in reality devoid 
of any internal motion. As to gases, one of the 
illustrations made use of in those da3^s to help 
students to picture what they wore supposed to be 
like, was that the molecules of a gas may perhaps 
resemble the stationary bubbles of a froth, which 
by expanding when warmed, contracting when 
cooled, and by pressing against one another and 
against the w'alls of a containing vessel, behave 
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in these respects very much like a gas. Under 
this view, Avogadro’s Law was expros.soil by saying 
that the bubbles, or quasi-bubbles, are all of the 
.same size whatovor the gas may bo, provided that 
they are compared with one another when at the 
same temperature and pressure. 

It was about sixty years ago when there 
appeared the first glimmerings of the knowledge 
wliich has since ripened into that which wo now 
possess, that neither the molecules of any natural 
object nor the parts of which those molecules 
consist arc over at rest; that, on the contrary, 
swift and orderly movements are ever in progress 
among them and within them; and that whore 
bodies appear to us to bo stationary, it is only be- 
cause this gro.at internal activity is on too sm.all a 
scale, the parts moving too tiny, and the motions 
subject to too rapid changes of direction for 
senses like ours even when assisted by the micro- 
scope to obtain any suggestion that all this activity 
is going forwards. Accordingly, until other mesins 
than direct observation of arriving at the truth 
were discovered, every one remained under the 
delusion that the objects about us on the earth 
could be “brought to rest” — ie. absolutely freed 
from every motion except the celestial motion, 
which is consequent upon their being on a planet 
which rotates upon an axis, revolves in an orbit 
round the sun, and accompanies the solar system 
iu its j)eregrinations through space. 

There was one m.an — an Englishman — who above 
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sixty years ago perceived that this view of nature 
was a ruistako, at least with reference to matter 
in the .gaseous state. J. J. Waterston, in 1845 
submitted a memoir to the Royal Society, in 
which he showed that the recognised properties 
of the more perfect gases indicate with emphasis 
that instead of consisting of stationary molecules 
pressing against one another, they are in reality 
.swarms of much smaller bodio.s, so small that they 
leave much of the space unoccupied, in which 
they dart about amongst one another with extra- 
ordinary activity, and produce gaseous pressure by 
encountering one another or where turned back 
by the walls of a containing vessel. Waterston's 
contention led to results at variance with the views 
entertained by scientific men at the time, and his 
great discovery with the arguments in favour of it, 
were withheld from publication until long after- 
w.irds; so that this great adv.ance in knowledge 
did not become generally known until, shortly after- 
wards, Professsor Clausius of Geneva retliscovereil 
the kinetic constitution of gases. His announce- 
ment of it was received with much scepticism. 
However, Clausius persisted, and in a masterly 
series of papers published in the later forties and 
in the fifties of the nineteenth century he met 
objections, and piled proof upon proof, until the 
evidence could no longer bo resisted. In the later 
developments of the theory he was assisted by 
other scientific men, among whom J. Clerk Maxwell 
was pre-eminent. 
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Until some information can be acquired respect- 
ing the magnitudes with which we are dealing 
when investigating any branch of nature*? opera- 
tions, we continue to be unable to form a satis- 
factorily clear notion of those operations. In t o 
domain of Molecular Physics tlu first luagnitu e 
that was ascertained was when Cl isius succeeded 
in estimating the speeds with which mokcules - i 
a gas arc travelling about. At any one instant 
the individual niolc(*ules arc darting about with 
very difierent speeds, but at each temperature 
there is a ceriain moan spce<I towards which the 
encounters which prevail within a gas tend to 
bring any speeds which too much diller from it, 
and round which the innumerable speeds tend 
to group themselves. The mean speed so detined 
is not the arithmetic mean of the values of ?>, 
but the square-root of tlio arithmetic mean of the 
v.iliios of vK This moan speed Clausius succeeded 
in finding to be about 



iiHitres ])cr second 


\{a) 


Whore t is the absolute temperature of tho gas 
estimated in centigrade degrees, and p tlio rolalivo 
specific gravity of tho gas compared with air. Ex- 
pressed in miles per hour this moan speed is 


lOH5 / miles per hour 

\J ^ 


1(h) 


The arithmetic mean of the various speeds that 



PREFACE 


IX 


prevail among the molecules is a different mean 
from that given above. It is somewhat less, and 
to obtain it we multiply the above value by 0*92132. 
Thus the arithmetic mean is 



, metres per second. 


Agnin, the temperature of our laboratories when 
experiments arc being made in them may be taken 
to be about lb’ C., which is the same as T~28f). 
Tnlrodiining this value for r, wo find that the 
aritinnoiic mean of the speeds at this tempera- 
ture is 

4(JO nu'tns per ‘jef'«»i»d ... 2 ( r) 

V I* 


which is the sairn' as 


1022^^^^ per hmir . • . . 2 (/«) 

so that, in the air about us, and at the tempera- 
tures to wliioh wo arc mo.st accMistomed, the inole- 
culos of its principal gases are travelling with 
speeds of whicdi the arithmetic mean is more than 
1000 miles per hour. In order to get the arith- 
metic mean for eaih gaseous constituent of our 
atmosphere wo must in.sert in the last expression 
the value of p for each gas. We thus find what 
it is in nitrogen, oxygen, argon, aqueous vapour, 
and the rest. 

The next important molecular magnitude to bo 
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discovered was when Prolossor Maxwell in IMoO and 
ISGO deduced Iroin observations on the viscosity 
of ^ases, and also from the rate «>f diiVusien of 
olefiant gas into air, the mean length of the little 
straight path along which a molecule of air darts 
between consecutive encounters. It at tho 
temporatuiv of I.*"*® C. and at the prossuio of an 
aliiiusphcro, about 

7‘(i cinlitliet-inolres ... 3 

wliich is tlio JiK'jul of ihroo (lotcniiinat ions in.ailo l>y 
M.iwvoll. By :ui is lo bo nnilorslond the 

frai ti'in roprosoiitod by a unit in tho «ii,dilb placo 
of decimals, or by tlio symbol !(• ' ; and oi},,di(hct- 
melro is a oonxcnionl nl>brevialion for eij^hthot of a 
metre ill like manner as a <jnarler-ineh means tlio 
(juarter of an inch. 

It is worth taking notice, hero, that tho moan 
lengtli of tho free j)ath.s of the nioloenles ho- 
twcon thoir onconnters, although a giant among 
mftlecnlar niagnituiles, falls short of tho smallo-st 
interval which tho inicroscopo can detect. Two 
minute specks on tho stage of a microscope, oven 
if .separated by twice this interval, would novor- 
thclcss be 111 nr rod together into tho apjxiaranco 
of a single object, when viewed under tho most 
favourable conditions, through tho best of micro- 
.scopcs handled with the uttno.si skill. 

By comparing this small measure with tho aver- 
age total distance which tho molecule travels in 
a second, which wo have found to bo 400 metres 
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(soo cqu. 2 (a)), wo learn that the path pursued 
hy tho molecule within one second is a 
coursf,. divided on tho average into 6,000,000,000 
little straight free paths hotwoon the encounters 
that it meets with. 

When Maxwell had determined the average 
longtii of tho free path, it was easy to form a 
preliminary estimate of the number of molecules 
that are present; and, accordingly, this was at- 
Uunplcd by tho present writer in 1H60, immediately 
after tho puWication of Ma-xwoll’s papers. What 
was sought in this preliminary ellbrt was to deter- 
mine which power of 1000 is nearest in the geo- 
metric series to ihe number of molecules in a 
cubic millimetre of ga.s. This was found to be 
tho sixth power, which is 10’^ ; from which it 
followed that tho actual number of molecules is 
to 1)0 looked for within tho group of numbers that 
intervenes between 10'®-r%/l0UO and 10'® x .v/lOOO. 
t.r. it is a number greater than 3TG x 10'® and less 
than 3*16 x 10'®. Other determinations of this im- 
portant phy.sical constant have since been made, 
and some from data admitting of much closer 
approximation. From these we learn that we may 
now accept 4 x 10'® as a tnistworthy and reasonably 
close approximation to tho number of gaseous mole- 
cules within a volume which is not far from being 
one cubic millimetre — tho gas, or mixture of gases, 
being at or near standard temperature and pressure. 
To this number of molecules within each cubic 
millimetre of dry air tho principal constituents of 
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the earth’s atmosphere contribute nearly in the 
following proportions:' — 


Nitrogen .... 

4 X 7810 000000 00(WX) molocules of N, 

Oxygen . . . . 

4x201K)lH)(XHM)tKK)>*K) 

11 

0, 

Argon 

4x lOt) O(M'HMk) (»0(X>''0 

11 

A 

Carbon dioxide 

lx 4 tKMHKK) ‘HHKX 1 

11 

CO, 

Neon (about) 

4x KK'HWiKMHH > 

n 

No 

Helium (porhap^^) . 

f KHXK) OOl'-OOi 

■ \ or mXHt (XKXHX)) 

11 

ilo 


Minor constituents arc also present, but in smaller 
nuinbors. These arc krypton, xenon, and hydroi^oii, 
witli prol»al)ly a few molecules of ammonia and 
some of the oxides of nitroi^en; and of course there 
will bo a variable amount of acpioous vapour present, 
if the air has not been completely dried. 

Tliese various determinations enable us to con- 
struct our first picture of wliat each cubic milli- 
metre of the air about us really is. Wo arc to 
imagine those enormous swarms of little missiles 
dashing about in every conceivable direction, each 
of tlio missiles successively encountering ami 
occasionally grappling with about six thousand 
millions of its neighbours every second, and dart- 
ing along the free paths between these oncounters 

* A vacuum formed by pumpinp; air out of a receiver till the 
residual pre.ssure is reduced to tlie 1 0,000, OOOth of an atmosphere, 
w(»ul»I usually be spoken of as an exceed inj^ly hi{^h vacuum. 
Neverth(;le.ss, it follows from what has been mentioned in the 
text, that, iliroupjhout this so-called \acuum, there remain about 
4,000,f)00,000 molecules in every cubic millimetre of the space within 
the receiver. To f'ct the numbers of molecules of tlie various 
^asos, within each cuV)ic inillimetro, strike oil the last seven ciphers 
from each of the numbers of the table in the text. 
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with various speeds, but speeds that are so high 
that they average more than a speed of 1000 miles 
per hour. Wonderful as this picture is, we shall 
presently find that it falls almost infinitely short 
of the far more astonishing reality. We arc 
enabled to^ see that this is so, by being already 
in a position to advance one stop nearer to the 
reality, and by the prospect that then opcas before 
us of further extensions into the still more deeply 
seated operations which are being carried on by 
nature. In fact — 

WhiJo the investigations which revealed to us 
the kinetic constitution of ga.se.s. wore in progrc.ss 
in the last century, anotlier lino of inejniry wa.s 
being simultaneously pu.shed forward which touched 
upon deeper mysteries of nature. As an introduc- 
tion into this now region of exploration it will be 
convenient to recall one of the facts already referred 
to, that while the free paths of the molecules have 
very various periods, their average duration i.s 
about the six tliousaud millionth of a second. Let 
us then cotnparo this brief duration with the vastly 
smaller periodic times of the alternating event 
which wo call light. When this is done it 
is found that while a molecule of .air hits been 
travelling between one encounter and the no.xt, 
60,000 double vibrations of red light have on the 
average taken place, and twice that number of the 
extreme violet ray; and as the periods of all the 
motions within a molecule which give rise to 
visible spectral rays must lie between these limits, 
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we are forced to admit that either that im- 
mense mimbor of orbital motions have been on 
the avoraoc executed by electrons within the mole- 
cule during each of its flights, or else that periodic 
motion of some one or more of the electrons has 
been going on of so complex a kind . that when 
fully resolved it furnishes that immense numbej 
of individual revolutions. It is now no longer 
surprising that the temporary perturbation caused 
while two molecules have been grapjding witli 
one another has in most instances abundant time 
to pass away early in the interval between two 
encounters, so as to leave the greater part of the 
motions within the molecule to bo executed in the 
undisturbed jiiannor which the definiteness of the 
lines of a gaseous spectrum attests to us. 

In what way the lines of the spectrum of a gas 
are brought into existence, may be more delinitcly 
understood by remembering that — as can bo proved ' 
— the motion of each individual electron within a 
gaseous molecule, however complex that motion 
may bo, is in all cases su.sceptiblo of being resolved 
into “elliptic partials," each of which produces the 
same physical effects as would an electron revolving 
pcndulously, and therefore with unvarying jieriodic 
time, in the corresp<jnding ellipse. Nf)W, an elo(;tron 

* the paper on “The Cause of Duu>)lc Lines, Ac. Ac.,” in the 
Scunti/ifi Traninrtioni of the Royal DvUin Rorirly, vol. iv., si*ries ii. 
p. fl891). In the analysi.s of motion whicli is nfil- rcstricte«l to 
one plane, elliptic paitials are what corresjKjnd to the harmonics 
that present tln iuseives when motion in one plane is resolved by 
Fourier’s Theorem. 
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when undergoing periodic motion of any kind, pro- 
])!igatos clootro-magnotic, that is to say luminous, 
wives through the surrounding futhor; and when 
the motion is of tho simplest kind, viz. pcndulou-s 
elliptic motion, what it will transmit through the 
jether is a single undulation which will have the 
same periodic time as tho elliptic motion. A 
luminou.s undulation of this kind produces a single 
line in tho spectrum of tho gas. Accordingly, each 
partial who.so periodie time is such that the re- 
volutions in its ellipse are repeated some number 
of times between GO, 000 and 1120,000, in the 
G,000, 000,000th of one second of time, will furnish 
a line in tho vinblc part of tho s])cctrum, and its 
o.\i.stenco is made known to us when wo see the 
lino in tho spectrum. Parlials which have other 
periodic times produce lines either in the infra-red 
or in tho ultra-violet parts of the spectrum, and 
though lines so situated are not seen by tho eye, 
their pre.sonco can bo detected by photography, by 
observations ivith tho bolometer, and in other ways. 

If any of tho electricity within a giisoous molecule 
remains in bulk and is not divided into separated 
electrons, atul if it bo capable of moving within a 
conlined space, it will bo sot surging by the more 
delinito movements of the separate electrons in its 
neighbourhood. This would give rise to subsidiary 
elVoc.ts in tho spectrum of tho gas, in tho neighbour- 
hood of the detinito linos produced by tho separate 
electrons. Such subsidiary events havo in many 
instances boon obsorvod. 
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The clioDiical cloinenls are some of tlioiu gases 
iu tlio state iii which they usually present theni- 
selvos to us. A few of the others can be vapourised 
in a Bunsen’s burner; and the rest can bithcr be 
vapourised and rendered incandescent in the arc- 
light, or can be brought into a condition, when an 
electric spark pa.sses between electrodes of the 
element, such that molecules will detach them- 
selves and travel along free paths as in a gas. In 
all those cases each clement furnishes its charac- 
teristic spectrum of defined lines, each of which is 
due to a ray of light with its own dclinite period 
of undulation. These spectra make manifest the 
marvellous regularity of the motions that go on 
within the molecules of each element, when its 
moleeulos are freed from being interfered with by 
neighbouring molecules; and at the same time the 
complexity of that motion; with other iiiformalioii 
of the most instructive kind as regards the rela- 
tions in which the elements stand to one another. 
But tho greatest achievement of all, and one to 
which wo may reasonably look forward, has not 
yet been cfTectcd. No one has yet succeeded in 
tracing back from the periodicities, the intonsitic.s, 
and tho other properties of tho lines of tho 
spectrum of an clement, what that motion of tho 
electrons within tho molecules must have boon 
to have been able to produce the.so precise oflbets. 
The information is given to ns by nature in tho 
sirectrum exhibited to us. It is written there; but 
iu a language which has not yet boon deci])hurc(l. 



PREFACE 


XVU 


Lot US hope that this great discovery, which 
has thrown its shadow so plainly before us, 
will have^ been made before long. The ground has 
been prepared by many notable investigations — 
Rydberg’s, and Kaysor and Rungo’s, on the scries 
of lines which exist in the spectra of the elements, 
and the relationships which these investigations 
have brought to light; the study of the Zeeman 
ofFect, which wc may hope will within a moderate 
time bo made much more complete than it now is ; 
and the many facts with reference to corpuscles, 
each of which either is or contains one electron, 
that have been elicited with great skill by Pro- 
fessor J. J. Thomson — all those and some others 
arc, as it were, so many letters of tho writing which 
has to bo deciphered. Preliminary approaches to 
tho actual deciphering have been attempted by the 
writer. Along with the above we have tho dyna- 
mical data that tho spectrum as we seo it, is caused 
by motions given tt) the electrons, or more probably 
to some few among them, by tho general shaking 
up of a molecule when it has left off grappling 
with another molecule, and when its motions have 
settled down into that natural permanent state 
which is consequent u^xm whatever is the natural 
l)eriodic swing within tho molecule — as modified by 
tho fact that energy is escaping from tho molecule 
through its electrons into the surrounding lether. 

If the gas is condensed into a liquid or becomes a 
solid, tho free space about its molecules disappears, 
or at least so much shrinks, that tho perturbations 

b 
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caused by an encounter have not time to have passed 
away durmg any part of the transit of a molecule 
between one eucountor and the next. Accordingly 
the spectrum of this object is no longer duo to the 
natural swing of tho motions within molecules 
freed from outside intorferonco. While a gas i.s 
being condensed tho motions within a moloeuio 
which have been perturbed during an encounter 
continue to bo confused motions during an in- 
creasing proportion of tho shortened flight of tho 
molecule. Accordingly the lines of its spectrum 
become los.s sliarjdy defined ; jis tho condemsalion 
of the gas progresses its spectral lines widen, and 
ultimately they run together and pre.sont tho 
apjfearanco which is called a continuous spectrum, 
which somotijucs occupies j)art, in other ca.ses 
occupies tho whole o.xtcut of tho s[)Octrum. Of 
this kind arc the spectra of most solid and liipiid 
elements when rendered iiuauidosccnt by heat, as 
well as in that still more familiar ca.so when the 
electrons that lie near the surface of a body have 
been set in motion by incident light falling upon 
them. In all cases we may take it that objects 
become visible when the negative electrons and tho 
mass of positive electricity within each chemical 
atom have been disjdaced in regard to one another, 
and sot swinging in the way that can excite lumi- 
nous undulations in tho surrounding usthor. 

(1) In olden times the best conception that men 
could form of a gas was that it was somewhat 
like a froth of bubbles in Avhicb tho molecules 
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of the gas are represented by the bubbles of the 
froth. In those days even scientific men were not 
aware that any activities whatever were going on 
within calm air. (2) Afterwards, when the kinetic 
constitution of gas became understood, the earlier 
crude conception was exchanged for a better one 
in which the molecules were represented as missiles 
travelling about with marvellous energy, whose 
numbers it was possible to estimate, as well as 
the average speed with which they da.sh about, 
and the average length of their little journeys. 
(11) Another conception of nature, both truer and 
more recondite, was attained when it became under- 
stood that the molecules are far more than merely 
mis.sil(!s, that while they are travelling about .subtile 
ovent.s are all the time going on within each of 
them, involving rapidly alternating displacemonts 
of the electricity with which they are charged, and 
as a consequence the transmission of alternating 
electro-magnetic stresses in the form of waves 
through the surrounding aether. Wo thus arc 
introduced to smaller entities than the missiles, 
to the negative electrons of which the number 
in each chemical atom seems, from a remarkable 
investigation by Profe.s.sor J. J. Thomson, to be 
about the same as the number of times by 
which its atomic weight exceeds that of hydrogen ; 
with corresponding jwsitivo charges in each atom, 
equal in amount to the sum of its negative 
electrons, but not like the negative electricity 
split up into separate electrons. Hero, then, the 
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electron is introduced to us as a new entity. (4) Is 
not it, too, a complex system within which in* 
temal events are ever taking place? .^d when 
this question can bo answered shall wo not bo 
in the presence of the inter-active ‘parts of an 
electron ? (5) And do not the same questions ariso 
with respect to these? for there is no appearance 
of there being any limit to the minuteness of the 
scale upon which nature works. (6, v'ic.) Nothing 
in nature soom.s to be too small to have parts 
incossanlly active among themselves. 

Our present position is one*, which has been 
reached liy slow steps, and we may reasonably 
ho[)(' that our sncces,sors will be able to rontinuo 
to advance, as there is no vi.sibh' limit. 'I’lie 
inquirer who is now entering upon this depart- 
ment of the study of nature will lind it much to 
his advantage to take as his starting-point the 
picture of nature, which has taken form in tins 
mind of a thoughtful stmlent of the present state 
of our knowledge, such as is presented in the fol- 
lowing pages. This, however, ho should entertain, 
not like a stereotype plate which must remain 
as it i.s, but rather like well and lirndy set 
movable typo, susceptible with ease of any im- 
provements the future may bring with it, while 
before and after each correction it is so lirndy 
li.\ed in its frame that the most effectual use can 
be made of it. 

G. JOHNSTONE STONEY. 


Stjpltmher 1907. 
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The very flattering reception accorded to the first 
edition of this work has encouraged me to spare 
no pains to bring it up to date. Recent reseitrches 
have, fortunately, shown it to be unnecessary to 
make any very sweeping alterations in the text, as 
their results sue in satisfactory agreetnent with the 
theory originally set forth in it. Nothing has oc- 
curred since last year to shake the faith of physicists 
in the electron theory, and the work of its detailed 
application is proceeding steadily. A significant 
sign of its acceptance is the almost complete ab- 
sence of attempts to formulate electric;il theories 
not based upon electrons. 

The translation of this work into German and 
Italian goes to show that its distinctive features 
are also recognised abroad. 

I have embodied some of the latest contributions 
to the theory in an Appendix. 

1 wish to thank the numerous reviewers for their 
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uniformly friendly jmlginents and suggestions, and 
especially Mr. Joseph A. Gillolt, Dr. T. M. Lowry, 
and the export of the Chemists’ Club of Npw York, 
for pointing out certain errors and omissions. 

E. E. FOURNIER n’ALRE. 


CllAPELIZOD, Dccfuifjer 1907 . 
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Last year’s electrical progress has chiefly taken the 
directions of electro-chemistry, radio-activity, and 
spectroscopy. The most iiJi]K)rtant conclusions 
of these researches have been embodied in the 
Appendix. 

The question of the Hull cftoct has not yet been 
satisfactorily suttled. The hypothesis of ihe exist- 
ence of positive electrons has been lately rendered 
somewhat more probable, notably by the researches 
of Wood and the younger Becquerel but as these 
are open to several interpretations 1 hav’o not con- 
sidered it advisable to depart from the unitary 
theory of conduction as developed by Lorentz. 

It is satisfactory to note that our ideas of atomic 
and electronic dimensions, masses, and charges 
arc becoming more precise. It appears that the 
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charge of the electron is more probably above 
4x10'*" electrostatic units than below that value; 
but nothing is gained by discarding Thomson’s 
figure until a higher one is definitely established. 

E. E. FOURNIER n'ALIiE. 

Dublin, 1909. 
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THE ELECTRON THEORY 


CHAPTER I 

INTRODUCTION 

The object of this work is to place before the reader 
a concise and connected account of the now theory 
of electricity and magnetism, which, though, gene- 
rally accepted, has as yet hardly found its way into 
the elementary textbooks. The new theory gives us 
a grip of electrical and magnetic phenomena which 
was quite unattainable so long as wo know nothing 
about the real nature of electricity. Wo now know 
that electricity is a kind of subtle fluid consisting 
of dnirons, or very small corpuscles, some thirty 
thousand times smaller than the atoms of ordinary 
matter. The electron theory is that theory which 
reduces all electric and magnetic phenomena to the 
distribution and motion of these electrons. To gain 
a clear grasp of the nature and properties of the 
electron is, therefore, henceforth the first step in 
the knowledge of electricity. In presenting it to 
the reader, my first objects will bo simplicity and 
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lucidity, and I hope to enable those readers whose 
mathematical attainments have not transcended the 
elementary rules of algebra to master the essential 
principles of the science, so as to be able to apply 
them to practical problems. 

A theory has two functions — one is to register a 
largo number of isolated fimts in due order, and the 
other is to give us an insight into their connection 
with each other, so as to be able to deduce one from 
the other and to predict now facts and produce 
ctfects hitherto unknown. The electron theory 
fuliils both these functions in a manner which 
no previous theory of electrical phenomena has 
been able, even remotely, to approach. 

In no branch of human knowledge have greater 
difficulties been encountered in framing an adequate 
theory than in the science of electricity. The be- 
wildering variety of the phenomena, the constant 
stream of new facts and discoveries, the revolutionary 
character of many of them, and the intangible nature 
of the agent itself, combined to render the formula- 
tion of an all-embracing theory difficult. But the 
reward of arduous work has been correspondingly 
great. To-day we know more about the atom of 
electricity than we do about the atom of ponderable 
matter. We can contemplate it as a centre of force 
producing the old phenomena of the pith ball and 
the gold leaf and the rubbed glass rod. We see it 
in swift motion in the vacuum tube, and in slow 
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motion along the current-bearing wire, now no 
longer the inscrutable mystery it was ten years ago. 
We observe its surgings to and fro in the alternating 
current, and follow tho waves it emits across space 
into the wireless receiver. Wo imagine its orbital 
motion round the atom it clings to, and the vista of 
magnetic phenomena flashes into view. We watch 
it dragging along that same atom through tho 
electrolytic cell, and gain an insight into the secrets 
of chemistry such as scorns likely to remodel that 
whole vast science. Not content with having an- 
nexed practically the whole of physics and chemistry, 
our new conception launches out into unexplored 
fields. It hints at tho transmutation of tho elements, 
the constitution and destruction of matter, the 
explanation of inertia, and an electrical theory of 
mechanics as an answer to the all-pervading influ- 
ence hitherto exercised by mechanical conceptions. 
The electron theory, this latest and widest of 
scientific generalisations, is tho fitting reward of 150 
years of laborious research. A somewhat unusual 
circumstance attending its victory lies in the fact 
that it supplements rather than displaces tho older 
theories. It has something of Franklin’s one-fluid 
theory about it, inasmuch os it links all electric 
phenomena with tho distribution and motion of a 
kind of gas possessing a pressure and an atomic 
structure. It supplements the analytical specu- 
lations of Ampere and Weber by providing the 
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necessary material substratum, aud fits itself, lastly, 
into the ether theories of Maxwell and Hertz by 
telling us what is at the ends of the linos and tubes 
of force whoso distribution and motion have played 
such a useful and almost exclusive role in the 
electromagnetic theory of yesterday. 

This may partly account for the almost ominouj 
silence with which the now tlicory has made its 
appearance in the electrical world. It has not been 
heralded by a llourish of trumpets, nor has it boon 
received with violent 02)position from the older 
schools. No one man can claim the authorship of 
it. The electron dropped, so to speak, into the 
supersaturated solution of electrical facts and specu- 
lations, and furnished the condensation nucleus 
required for crystallisation. One after another 
the molecules — the facts of electricity — fell into 
line, and one department of electrical science after 
another, crystal on crystal, clicked into its place, 
dispersion first, then electrolysis, then gas discharges, 
then radium rays, then metallic conduction, and, 
lastly, magnetism. 

Nor is the crystal fully shaped yet. The electron 
theory has to absorb every detail, to assimilate the 
vast store of accumulated facts, to find a place in the 
edifice for every loose brick, to strengthen every 
weak place, — and there are still many, though they 
diminish daily in number and importance. 

Our textbooks, always shy of innovations, must 
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gradually be brought round to the newer views. 
They must be given courage to speak about “elec- 
tricity" — a- word they have lately been chary of 
using, as it conveyed no meaning! The scientific 
electrician had become accustomed to deal with 
“electrification" or “electric quantity" as the only 
thing he knew, and to leave the use (and misuse) of 
the word “electricity" to the layman. The electrical 
theorist found a refuge in differential equations 
involving pure quantities, and dealt with them by 
mathematical rules, alias generalisations from the 
results of experiments in counting. The practician, 
having no such vast experience in processes of count- 
ing, but having instead a close familiarity with the 
behaviour of bodies and substances, also derived from 
vast experience, found that the habits of thought 
thus acquired did not assist him towards an intimate 
knowledge of the nature of electricity. He did his 
best by annexing Faraday’s semi-material “lines of 
force," and applying them to problems of induction 
with truly astonishing industrial results. What he 
will do when ho gets a grip of the electron we can 
only faintly guess. 

Will the electron theory bo final, or will it in turn 
bo superseded by another theory? This is a very 
pertinent question, but more pertinent for the text- 
books and professors than for the research worker or 
the practician. In one sense, no theory is final. A 
final theory is the death of science. When a man 
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frames a theory ho is delighted to lind it oonfirmod 
everywhere. When ho ct)ines acro.ss a case where it 
foils, he should bo ciiually delighted, for ho has 
found a really new truth, a truth not contained 
implicitly in his theory. Jlut a theory may bo final 
in the sense that Newton’s gravitational theory is 
final. That theory applies to all ponderable matter 
at distances beyond molecular range. The electron 
theory applies to all electrified and magnetised 
matter, and has even been made to include gravita- 
tion as a special case. If it can bring the whole of 
electrical and magnetic phenomena into one well- 
ordered system, not to speak of chemistry and 
mechanics, it will bo of permanent and incalculable 
value. If it succeeds in analysing the chemical 
atom, it will abolish one of those puzzling complexi- 
ties of which the human intollcet is so persistently 
impatient — the variety of the chemical elements. 
Pr()gress in thi.s direction will tend to unify physical 
science, an»l leave the road free for advance into 
those realms of infinitely greater complexity which 
hurf^our tlic [ihonomona of life. 



CHAPTER II 


THE ORIGIN AND DEVELOPMENT OF THE 
ELECTRON THEORY 

The first serious attempt to formulate a theory of 
electricity as distinct from a vague guess or a pro> 
visional hypothesis was made by Benjamin Franklin, 
who announced his one-fluid theory in 1750 in his 
letters to Collinson. He supposed that a subtle' 
fluid or "electric fire” was distributed throughout 
the world, that it was attracted by ordinary matter, 
but that its particles repelled each other. The fluid 
can penetrate metals, but not insulators. Being, 
however, attracted by insulators, like gloss, it ac- 
cumulates at the surface only. To explain why a 
glass rod should bo electrifietl by friction, Frimklio 
made the fantastic assumption that the glass, being 
expanded by the heat, takes up more than its 
ordinary share of the fluid, and seeks to give it up 
again on cooling. This explanation seems forced; 
but it should be remembered that frictional electri- 
fication is, up to the present day, the least explained 
of all electric phenomena. 

Franklin’s theory, in order to be consistent, had 
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to assume that atoms of ordinary matter repel each 
other, and this was at once perceived to be. at 
variance with the facts of gravitation and cohesion. 
But how close tho agreement is between Franklin’s 
one-fluid theory and tho electron theory may bo 
seen by putting tho latter into Franklin’s language 
as follows : — 

“Through all corporeal nature one subtle matter 
is distributed, which contains the reason and cause 
of all electric phenoiucna. The particles of this 
fluid repel each other. All matter in its normal 
slate contains a fixed quantity of this fluid. If 
any portion of matter is deprived of some of thi.s 
fixed quantity, it attracts the fluid with a force 
proportional to the amount it has lost, and repels 
another portion of matter that has suffered a similar 
loss. All electric phenomena are duo to tho dis- 
tribution and motion of the particles of tho fluid.’’ 

Franklin’s theory failed on tho question of con- 
ductors V. insulators. He supposed that conductors 
could take up any amount of the fluid and store 
it throughout their substance, while insulators could 
only store it on their surfaces. Tho modern version 
is that conductors take up an additional amount 
of the fluid, within limits depending upon circum- 
stances, and store it on their surfaces only. On 
the other hand, they cannot be deprived of more 
than tho “ fixed quantity ’’ mentioned above. But 
the fundamental diflerence between the old and 
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the new views lies in the use of the words ‘'pon* 
tive” and “negative." In an evil hour the elec* 
tricity derived from rubbed glass was called positive 
electricity, and the electricity derived from amber 
was called negative. The fact that the two elec* 
tricities neutralised each other made the terms 
justifiable ; but there was nothing to indicate which 
kind wa.s the real and only fluid. It was assumed, 
at haphazard, that the glassy electricity was the 
fluid, and for 150 years all algebraic signs continued 
to bo placed in accordance with that idea, and they 
continue so to the present day. Thus we speak 
of the " positive polo " of a battery as the polo 
from which the glassy electricity appears to flow, 
whereas wo know now that if there is a flow at all it 
is towanla that same pole, the flow in the reverse 
direction being insignificant in comparison. This 
fundamental difference is not apparent in our Frank- 
linian version of the electron theory above ; but it 
makes a very radical dlfforonce, and places a serious 
obstacle in the way of popularising a logical ter- 
minology. We have to learn that the “negative” 
olectrieity is the electricity, and the negative current 
the current. In the present period of transition, 
great caife must be exercised to prevent confusion, 
and a way of doing so will bo indicated later on (p. 8G). 

Tho one-fluid theory, as we have seen, did not 
succeed very well in explaining frictional electri- 
fication. Hence, when, in 1759, Syinmer brought 
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out his two-fluid theory, it met with a wide acttopl- 
anco, and continued in active possession until the 
phenomena in vacuum tubes began to exhibit an 
essential difl'erenoe between positive and negative 
electriti cation. 

The fluid theories were marvellously ingenious, 
considering the poverty of the materials upon which 
they were based. In the whirl of subsequent dis- 
coveries, they were like guiding stars faintly visible 
through a mist. Sometimes they were almost lost 
sight of in the crowd of new facts and speculations ; 
but other forces were at work to bring order into 
the chaos. The greatest force was the advance in 
measurement. Lane’s unit jar in 1781 was the 
true beginning of electrical science, if wo accept the 
dictum that " Science is moivsuroment." Coulomb's 
torsion-balance (1784-1788) gave us two now inverse- 
square laws in addition to the Newtonian one of 
gravitation. The tnathemalicians had begun to 
handle thc.so new laws with fruitful results when 
the scientific world wa.s startled with Galvani’.s 
frog in 1791, and kept in a slate of agitation by 
the long controversy between Volta and Galv.ani 
concerning a third fluid, which the latter persisted 
in calling “animal electricity." Volta’s pile in 
1799, followed by Cruikshank’s and Davy’s electro- 
chemical work, closed the eighteenth century, which 
left the theory of electricity in wild confusion, and 
its devotees torn by endless dissension. 
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This siato of things, coinciding with the Napoleonic 
wars, accounts for the temporary collapse of electrical 
research in the new century. There is hardly any- 
thing to chronicle between 1800 and 1820, except 
perhaps young Grotthus’s hypothesis (1805) and 
Poisson’s mathematical treatment of electric and 
magnetic potential (1811), based upon Coulomb’s 
laws. In revenge, the next twenty years brought 
forth a flood of discovery such as has rarely been 
crowded into so short a time, and remained un- 
equalled until the revolution of 1896. Ampere, 
Oerstedt, Biot, Savart, Seebeck, Ohm, Peltier, Farar 
day, Weber, and Joule, all fall within this period. 
Truly a galaxy of genius and phalanx of philosophy. 

Oerstedt, in 1820, threw the first bridge between 
electricity and magnetism. Seebeck connected elec- 
tricity with heat, and Faraday linked the phenomena 
of electricity and motion, and laid the foundation of 
tho two great modern theories of electricity and 
magnetism : Maxwell’s ether theory and the electron 
theory. Tho latter foundation he laid, however, 
unwittingly, being personally disposed to consider 
rather what happened in tho medium between 
l>odics than what happened in the bodies them- 
selves. 

It is interesting, in the light of the modern 
electron theory, to read some passages from Weber’s 
Werke, where he foreshadows the atomic theory 
of electricity. Thus in voL iv. p. 279, we read: 
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“ Considering the general distribution of electricity, 
we may assume that an electric atom is attached 
to every ponderable atom.” And again, p. 281: 
“ Let e be the positive electric particle ; let the 
negative one bo equal and opposite, and let it be 
denoted by —e. Let only the latter have a pon- 
derable atom attached to it, and lot its mass be 
thereby increased to such an extent that the mass 
of the po.sitivo particle vanishes in comparison. 
We m.ay thou regard the particle — c as stationary, 
and only the as revolving round — e.” [I have 
italicised the words which .show that Weber’s con- 
ception is exactly the reverse of the modern one.] 
He proceeds: “The two dissimilar particles, being 
in the nutlocidar state of aggregation described, 
then represent an Ampirian molecular current, for 
it can bo shown that they fulfil the .assumptions 
made by Ampt^rc concerning his molecular cur- 
rents.” Finally, f»n p. 202 : " The vis vira (lehen- 
fUrie hraft) of all the molecular currents contained 
in the conductor incroa.sos, while (he current passes 
through in proportion to the ro.si,stance .and to the 
square of the current intensity." 

Substitute " electr<»ns” for “molecular currents,” 
and you have nearly the modern view of metallic 
conduction. 

The most important dates in Faraday’s career 
were 1831 and 1833. In the former year he dis- 
covered electromagnetic induction, and did for a 
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varying current what Oeratedt had done for a steady 
one — viz. established the link between electricity 
and magnetism. This discovery naturally predis- 
posed him to devote his attention to the happenings 
in the dioloctrie medium rather than the conducting 
substance. And yet ho made, two years after, a 
discovery of transcendent importance which was 
bound sooner or later to lead up to an atomic 
theory of electricity. It was that whenever two 
metals or other elements of the same valency are 
deposited or evolved in the electrolytic cell, the 
amounts of electricity consumed, as measured by 
Lane’s unit jar or other instrument, are inversely 
proportional to the atomic weights of the elements. 
Or, in other words, that the electricity attached to 
every atom of a given valency is the same, and 
that if a metal is divalent its atom is associated 
with twice the usual atomic quantity of electricity. 

Commenting upon this discovery in his Faraday 
lecture, Helmholtz said : “ If we accept the hypo- 
thesis that elementary substances arc composed of 
atoms, wo cannot avoid the conclusion that elec- 
tricity, positive as well as negative, is divided into 
definite elementary portions which behave like 
atoms of electricity." 

James Clerk Maxwell, who, following in Faraday’s 
footsteps, worked out a beautiful and successful 
theory based upon the properties of the medium, 
also saw the force of this conclusion, without, how- 
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ever, being able to follow it up owing to the lack 
of experimental data. In the first edition of his 
“Electricity and Magnetism,” published in 1873, 
he says (p. 31*2): ‘'Suppose, however, that wo leap 
over this difficulty by simply asserting the fact of the 
constant value of the molecular charge, and that we 
call this constant molecular charge, for convenience 
of description, one atom of electricity.” Later on, 
however, he adds ; “ It is oxtromoly improbable that 
w’hen wo come to umlorsland the true nature of 
electrolysis w'C shall retain in any form the theory 
of molecular charges, for then we shall have ob- 
tained a clear basis on which to form a true 
theory of electric currents, and so hccoine inde- 
peudent of these provisional theories.” 

Maxwell's vision hero was clouded, for the theory 
“of molecular charges” now holds the field in 
undisputed possession, after decisive victories in 
four different quarters whore its attacks wore little 
dreamt of in 1873. 

The very next year an Irish physicist, G. John- 
stone Stonoy, at the Belfast meeting of the British 
Association, drew attention to this “atom of elec- 
tricity” as one of the three fundamental physical 
units of nature (the others being the velocity of 
light and the constant of gravitation), and gave 
an approximate calculation of its value. He said : ^ 

' See Scientific Proceedings of the Koyal Dublin Society , Feb. 
1881, p. 54. Philos. Mag,^ May 1881, pp 385, 386. 
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“Finally, Nature presents us in the phenomena of 
electrolysis with a single definite quantity of elec- 
trioity, which is independent of the particular 
bodies acted on. To make this clear I shall ex- 
press ‘ Faraday’s Law * in the following terms which 
as I shall show, will give it precision — viz. for each 
chemical bond which is ruptured within an electro- 
lyte, a certain quantity of electricity traverses the 
electrolyte which is the same in all cases. This 
definite quantity of electricity 1 shall call Ei.” 

He calculates the actual charge by dividing the 
quantity of electricity required for the electrolysis 
of 1 c. cm. of hydrogen by the number of hydrogen 
atoms in 1 c. cm. as given by Loschmidt, and finds 
10 - 20 « ampt'ros ” (now called absolute elect roiuitgnetic 
units of quantity). This figure compares well with 
the latest value for the electron — viz. !•! x 10“*® E.M. 
units. 

In 1879 followed Crookes’s epoch-making experi- 
ments on the mechanical properties of those mys- 
terious vacuum discharges called cathode rays by 
Goldstein, and studied by Flitcker and Hittorf 
since 1859. Crookes, pushing the vacuum to the 
furthest attainable point, and leaving in the tube 
only one-millionth of the air originally contained 
in it, obtained what he called “radiant matter” in 
a fourth stato, superior in dilution to the gaseous 
state, and marked by a still further disappearance 
of differentiating qualities such as is observed in 
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passing from solid to liquid and from liquid to gas. 
He actually constructed a little windmill driven by 
a torrent of electrons, of the real “electric fluid” 
as wo now know it, without, however, quite realising 
the tremendous feat he had accomplished. His 
opinions and theories were smiled at as being too 
“grossly material,” and the discoverer had to wait 
twenty years before they were brilliantly conilrmed. 

The same year that witnessed Crookes’s demon- 
strations before the Royal Society saw the roalisa- 
tion of tho long-cherished dream of deflecting a 
current in a conductor by means of a magnetic 
field. Crookes had deflected his “radiant matter” 
by a magnet, and so what more natural than to 
expect that a magnet should deflect the same matter 
when j)icking its way through the substance of a 
metal ! This was accomplished at last by Hall of 
Baltimore, by bringing a very thin film of g<»ld into 
a strong magnetic field, and finding that tho elec- 
tricity tended to make its way out by tho sides 
when the current was turned on. If this discovery 
had been followed up with any spirit, tho true 
import of tho negative current as tho real current 
would have been realised seventeen years earlier 
than it was. Hall himself observes:* — 

“If we regard the electric current os a stream 
flowing from tho negative to the positive pole, tho 
phenomena observed indicate that two currenia 

1 American Journal of Mathemalicet vol. ii. p. 287, 1879. 
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parallel and in tho same direction tend to attract 
each other. . . . Whether this fact, taken in con- 
nection with what has been said above, has any 
bearing upon tho question of the absolute direction 
of the electric current, it is perhaps too early to 
decide." 

In tho following year Von Ettinghausen actually 
claimed to prove that the current proceeded from the 
negative pole with a velocity of a few millimetres per 
second. This result was, os we shall see, not far 
from tho truth. 

Taken in conjunction with the eft'ect produced 
on light by reflecting it from a magnetised surface, 
discovered by Kerr in 1875, the Hall effect might 
have led very close to tho modern electron theory, 
but for the difficulty of distinguishing between forces 
on electricity and forces on conductors. Without 
any idea of the density or inertia of tho particles of 
electricity, all quantitative deductions necessarily re- 
mained as vague as Franklin’s original “ electric fire.” 

That avenue being barred, electric research took 
other directions. One of the most fruitful of these 
was electrochemical research, which, since Faraday’s 
fundamental discovery, had occupied a school by 
itself, cultivating but little intercourse with the rest 
of the electrical world. Hittorf, Clausius, and Kohl- 
rausch had, with infinite patience, traced the migra- 
tion of the ions through the liquid in tho electrolytic 
cell, discovered their mutual independence, and 
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I’ormuliitcil iho theory of ionisation, ciilininatiug in 
the memorable announcement by Arrhenius in 1H81 
that at inbivito dilution all molecules of. the electro- 
lyte would bo dissociated and free to obey electric 
forces. This discovery, together with van’t lloft'’s 
work on osmotic pressure, form&l the foundation 
on which Ostwald and Nemst have since been able 
to raise the imposing edifice of the chemistry of 
ionisation. 

Meanwhile. Maxwell's electromagnetic theory was 
radiating out from Cambridge, and gradually attract- 
ing to itself the leading thinkers of the Continent, 
who felt the inadequacy of the mathematical thoorio.s 
of Weber, Clausius, and Riemann, based upon action 
at a distance between charged points. Maxwell’s 
successor at Cambridge, J. J. Thomson, took his 
first stop towards tho niodern corpuscular theory 
of electricity in the light of Maxwell’s views of 
(.'lectromagnelic energy by calculating, in 1881, tho 
qua.si-inertia ” possessed by a charged body in virtue 
of its charge alone. 

But the doubts engendered by the two main lines 
of thought were removed with dramatic suddenness 
by a few simple experiments made by Hertz, at 
Bonn, in 1888. ^He proved that electric force has 
a finite rate of propagation, and that, if a body is 
charged, the field of force around it does not per- 
vade all space instantly, but takes a certain time — 
very short, but still measurable — to reach a distant 
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point. Tlio speed was found to be the same as 
that of Ii,L;ht — viz. 180,000 miles per second.^? 

This momentous discovery turned the tables com- 
pletely on the theories of instantaneous action at 
a distance, and enthroned Maxwell’s theory in oveiy 
Chair in Europe and America. For half a genera- 
tion after those experiments men were feverishly 
engaged in testing dielectrics, and making them 
convey waves of electromagnetic force, the wave of 
research itself culminating in the triumphs of wire- 
less telegraphy. 

In the struggle for the mastery of the dielectric, 
the harmless necessary conductor was in sore danger 
of hoiiig lost sight of altogether. But already there 
were indications of the dawn of a new light pro- 
ceeding from the vacuum tube — a piece of apparatus 
which, owing to its many vagaries, had acquired an 
evil reputation as a kind of theory-trap, and had 
for some time been shunned by all but the most 
reckless or courageous pioneers. Arthur Schuster 
was the first to break distinctly new ground, by 
calculating, with the aid of the magnetic deflection, 
the ratio of the charge to the inertia possessed by 
what he, rather unfashionably, called the cathode- 
ray particles. This ratio came out very high, in- 
dicating that either the charge must be high or 
the mass very small. Every one thought there was 
something wrong about this measurement, especially 
when, in 1893, Lenard succeeded in persuading the 
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rays to pass out through an aluuiinium “ window ” 
into the open air, and proclaimed them, on the 
strength of their absorption, to be composed of 
ether waves. Wo now know that Schuster was 
right and Lonard wrong; but it took five years 
of controversy before Lenard gave way before an 
avalanche of new facts, and finally surrendered. 

Towards the end of 1895 the world was startled 
by the announcement that a professor in Wiirzhurg 
had discovered rays which could penetrate tlie 
human body and show up the bones as shadows. 
This discovery, made by Hontgon by means of a 
vacuum tube, converted the latter from being 
the most despised into being the most universally 
popular of scientific instruments. 

In the nineteenth century four epochs stand out 
as of transcendent importance in the life- history 
of the science of electricity. They are 1820, 1883, 
1888, and 1896. In 1820, with Oorstedt, Amp6rc, 
Biot, and Savart, the twin sciences of magneto- 
electricity and electro-dynamics started into being. 
In 1833 Faraday linked them with chemistry. In 
1888 Hertz annexed the ether and confirmed Max- 
well’s theory; and finally, in 1896, the electron 
theory was enthroned above all others tus their 
culmination and fulfilment, with almost ec^uai 
suddenness and with much less opposition than 
that which Maxwell’s theory had encountered. 

In that year, Zeeman, of Leyden, discovered that 
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the spectrum of the light from a sodium flame could 
be modifled by a powerful electromagnet, the lines 
being doubled when seen in one direction and 
trebled when seen in another. This phenomenon, 
mysterious at first sight, was found to be fully 
explained by a theory formulated by H. A. Lorentz 
sixteen years before — a theory which reduced the 
action of matter on light to the presence of minute 
charged corpuscles revolving round the atoms. 

The same year also saw tho discovery of uranium 
radiation by H. Bocquerel. The vast significance 
of these discoveries was perceived in the following 
year, when J. J. Thomson succeeded in determining 
tho ratio of the charge to the mass of the cathode- 
ray particles, and, to his great surprise, found this 
ratio to be identical with that of the Lorentz 
corpuscles. 

Discoveries now followed in rapid succession. 
Rutherford extended the corpuscular theory to 
atmospheric electricity. The Curies discovered 
radium and its radiation of electrons, and then 
proved that radium omits heat and charged particles 
without cessation. Everywhere, and sometimes in 
the most unexpected quarters, the same electron — 
the same fundamental quantity of “negative” elec- 
tricity — was rediscovered. Schuster, Simon, Kauf- 
mann, Townsend, Wilson, Riecke, Drude, and a 
host of others busied themselves with investigating 
its properties; and one realm of electrical science 
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after another was annexed to the all-embracing 
electron theory. Abraham, Soinmerfold, Buchercr, 
Wien, Larinor, Langevin, and Lodge extended the 
theory, both mathematically and experimentally, 
and reconciled it vrith the fundamental equations 
of Maxwell and Hertz. Nor is the work yet com- 
pleted. Every day brings new material and new 
conquests. A fresh zest has been given to research 
in all branches of electricity, and hosts of workers 
are engaged in pushing the now conceptions to their 
logical conclusion. When they have reached the 
engineers and practical men, now discoveries and 
inventions of far-reaching import may be confidently 
anticipated. 



CHAPTER III 


THE ELECTRON AT REST 

1. Propertiea of the Electron, — The electron is 
the smallest electrified body capable of separate 
existence. Its mass is approximately 0*01 x 10“^ 
grammes. Its radius is roughly estituated at 
cm. Its charge consists of what has hitherto 
been called “ negative ” electricity — Le. the electricity 
possessed by a stick of sealing-wax when rubbed 
with wool. 

The fundamental property of the electron which 
distinguishes it from ordinary matter is that it 
repels another electron, instead of attracting it, as 
two pieces of matter Avould do. When one electron 
is placed at a distance of 1 cm. in a vacuum from 
another electron, it repels it with a force of 1*16 x 
10“"^® dynes, a force which is something like a quad- 
rillionth of a pound. This force may appear 
excessively small, but, as a matter of fact, it is 
enormous. It is more than a trillion trillion times 
(more precisely, 10 *^ times) greater than gravita- 
tional attraction, which accounts for the weight of 
bodies on the earth’s surface and the motion of 
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the heavenly boilios. How onurinoiis it is uiuy bo 
realised by the followinj? iiimyinary experiment. 
Let two masses, M (Fi*;. 1). say of loaxl, we.i<'hing 
1 gramme each, bo \)lacod 1 cm. apart. They 
will attract each other with a force of G*t;xlO*® 



E 


Kl«. 1. 



(lyno.s, a force qnito too small to be 
measured by any known in.strumont. 
But now let 2 grammes of pure 
negative electricity, K 10,, made up 
of electrons, bo placed side by side 
at the same distance. They will 
rei)el each other with a force of 
.‘tl'l X 10“ dynes, or 320 (piadrillion 


ton.s : 


Kven if they were placed, one at the North Pole 
of the earth, and the other at the South Polo, they 
would still ro|)el each other with a force of 192 
million tons, and that in spite of the fact that tlie 
force decrca.ses with the .square of tho di.stance. 
That force would be capable of imj)arting to each 
of these griiinmcs of pure electricity a velocity equal 
to that of lig'ht in le.s.s tluan a millionth of a .second, 
and would only fail to do so owing to tho fact 
that the inertia of each cloctron become.s infinite, 


or nearly so, as it approaches tho velocity of light. 
In any case, it is obvious that the experiment must 
remain purely imaginary. 

We obtain somewhat less appalling figures if 
we suppose there to be only 1 gramme of pure 
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electricity, and a single electron placed at 1 cm. 
from it. 'I’he force is still 194 million dynes; but 
if wc sep.ifato the two bodies, as before, by the 
distance of the earth’s axis, the force reduces itself 
to the inappreciable amount of 1*2 x 10“^ dynes. 
Small as this for^c is, it must bo remembered that 
the mass at one end of its line of action has been 
reduced in the same proportion, so that the single 
electron will bo projected just as before with the 
same explosive velocity. Wo should have to remove 
it as far as the sun to reduce the acceleration to 
something like manageable proportions, and even 
at that enormous distance ( = l’r)3xl0'^ cm.), the 
force exerted by 1 gramme of pure electricity on 
earth upon all the free electrons in the sun would 
suifice to impart to them a velocity equal to that 
of light in 20 seconds. 

It is quite evident frr)m the above considerations 
that in all ordinary electrical phenomena, we are 
dcjiling with a very minute quantity of free elec- 
tricity. Lot us attempt to arrive at some idea of 
its amount. 

2. Electrons and Matter . — Wo dedueo from the 
laws of electrolysis that every atom of matter 
is capable of temporarily uniting with a definite 
quantity of electricity, which is exactly proportional 
to its chemical valency, but is otherwise indepen- 
dent of the nature of the element. Thus in the 
electrolysis of hydrochloric acid every atom of 
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chloriuo briiij's to iho anuilo a (lolinito quantity 
of negative electricity, a quantity which wo can 
measure with a galvanoinoter. Knowing, the weight 
of the chlorine evolved and the weight of the atom 
of chlorine (as wo do), wo can lind by a simple 
calculation that the quantity transjKirted by each 
atom is, as nearly as wc can make it out, Just one 
electron. We thoroforo concliulo that every atom 
of chlorine in the electrolytic cell has one electron 
somehow associated with it, hut associated in such 
a manner that it is ready to bo <lot ached when a 
finite force is brought to l)oar upon it. In the 
normal state tlio chlorine atom does not carry tliLs 
electron with it, and it is therefore uncharged. 

Other elements — such as hydrogen anil the metals 
— are abo uncharged in the normal state. Each 
atom contains a number of electrons, but their 
electrical action is compensated by some force 
within the atom which, for lack of a bettor term, 
we may call “positive electricity”; but each of 
their atoms, when placed in an electrolytic cell and 
subjected to electric force, is liable to temporarily 
lose an electron — or two electrons if the element 
is divalent — and thereby become “ positively ” 
charged. 

We have, therefore, reason to suppose that in 
any uncharged lump of a divalent metal — say a 
ball of copper — there ,aro at least twice as many 
electrons as there are atoms. Since the connection 



THE ELECTRON AT REST 


27 


between the atoms and these electrons is not rigid, 
we may suppose that this proportion is liable to 
variations. •When the electrons are in exces.s of the 
usual number, we find that the ball is negatively 
charged; when there is a deficiency, the ball is 
positively charged. Having seen above what enor- 
mous forces the electrons arc capable of exerting 
upon each other, wo have no difficulty in conceiving 
adequate causes for .such variations. 

Now, when the balls are thus charge'd, it is found 
that the electrons, or the positively charged 
atoms, in spite of their mutual repulsion, do 
not shoot out of the metal into the sur- 
rounding air. They traverse the metal with 
very little friction, but experience a great 
resistance at the boundary between metal 
and air. They therefore take up a position 
of equilibrium on the surface itself, and stay 
there, leaving the interior of the metal 
uncharged. 

Next, suppose that two small copper balls, 

A and B, are suspended side by side by in- 
sulating fibres 1 m. long (Fig. 2). Let them 
be negatively charged, so as to repel each ^ ® 
other, and remain 1 cm. apart. Then the 
force between them is easily proved to be 
part of their weight. If their radii are 1 mm. each, 
what number of free electrons will suffice to produce 
the necessary repulsion ? 
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The following data aro easily calculated : — 

C. 

Volume of each ball . . . 4*2 x 10'®’cm. 

Weight (density 8D3) . . Z'^S x 10~* gr. 

Force of repulsion . . . 1*87 x KH gr. 

■B 0*184 dynes. 

This is the force that would ble exerted by 1260 
million electrons upon an equal number placed at a 
distance of 1 cm. in air. This is, then, the number 
of free electrons in each ball. 

The numl)er seems exceedingly high, but we shall 
soon SCO that it is but an insignificant fraction of the 
total available electrons present. 

According to the most trustworthy estimates, the 
total number of atoms contained in a cubic conti- 
nietre of solid copper is about one (puulrillion, or 
1*23 X 10-*. Now each of our balls having a volume of 
4*2 X 1 0 ® c. cm., would contain ( 1 *23 x 1 0'-<) ( t-2 x 1 O' 
atoms, and double that quantity of detachable elec- 
trons, or 10,300 trillion. The r.atio o[ detachable 
electrons to extra electrons is therefore 


10,3<X) trillion 
i,2C6 million 


8 billion. 


Hence if, for every eight billion combined electrons 
in the copper, wo add one extra electron, wo obtain 
the necessary force of repulsion. Since a neutral 
atom deprived of an electron repels another such 
atom with the same force as that which exists be- 
tween two electrons, we may also produce the same 
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repulsion by removing from each ball one eleetron 
out of every eight billion that are in it ; they then 
repel each other by virtue of their positive charges. 

On account of the intensity of the forces called 
into play, it is found practically impossible to remove 
more than about oae-millionth of the detachable elec> 
trons, or add more than that proportion to those 
already there. This explains why the changing or 
discharging of a body produces no perceptible differ- 
ence in its weight. If, however, by some special 
contrivance, electrons or positive atoms are continu- 
ally discharged from a body, the body is gradually 
disintegrated. This happens to the cathode in a 
vacuum tube and to the positive carbon in the arc 
lamp. 

Wo may now formulate the forces between electrons 
and positively charged atoms a littlo more precisely 
as follows: (a) Every electron placed at a distance 
of 1 cm. from another electron ropols it with a force 
of 1-lG X 10“*® dynes. (6) Every neutnd atom from 
which one electron is removed repels any similar 
atom placed at a distance of 1 cm. with the same 
force — ^viz. 1*16 x 10“*® dynes. And, on the other 
hand, (c) every electron attracts every neutral atom 
from which one electron is removed, when placed at 
a distance of 1 cm. from it, with the same force — 
viz. 1*16 X 10“*® dynes, or if two, three, &c., electrons 
have been removed, with a force two, three, &c., 
times that amount, (d) All these forces vary in- 
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vorsely as tbo square of the distance, unKss that 
distance is so small as tu becoine coinpurablo with 
the diinonsious of the atom {Lt\ 10 * cm.).* 

It follows from the law of attraction that an oluc- 
tron cannot be removed from a neutral atom without 
a very great force as compared with its mass. The 
attraction between them is tbo strongest cohesive 
force we know, and if it accounts for cohesion to any 
perceptible extent, the force required will at least be 
that necessary to nipture the metal or other sub- 
stance. If the law of attraction holds good down 
to molecular dimcnsiun.s, which are of the order of 
10~* cm., w'o can calculate the force between an elec- 
tron and the atom it is being induced to leave. Wo 
need only divide the attraction at 1 cm. by the square 
of the distance, or 10~‘* The force then becomes 


WC X loj2» 

"io-« ’ 


or ri6x 10'-* dynes. 


'J’his force, acting upon an electron for one .second, 

* Accordiijj? to tlie electron theory of gravitation (W. Siitlierland, 
Phif. Dee. ItHbi), the attraction betwren opposite charges is 

greater than the rcpul.sioii of similar charges in tlic ratio of 
(I -1 10'^) : 1, thus accounting for a very binall resultant attraction. 
In the electron theory the attractions and rcpulsiona are, like 
gravitational ff)rce, independent of the manner in which the inter- 
vening space is filled up. Matter free from ehietrons would h<ave 
no electrical effect whatever, and can be theoretically replaced by 
pure ether in all electrical problems. The effects hitherto ascribed 
to the “ specific inductive capacity ” or dielectric constant of the 
medium are accounted for by the charges which that medium 
contains. 
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would give it a speed measured by the ratio of 
the force to the mass, or — 


. 116x10-* 

0-61 X 10-" 


roxio** 

BOC. 


This refiult shows that any electron coming within 
the radius of molecular action would be instantly 
captured and absorbed by a positively charged atom. 
Since the number of free electrons in the universe 
is by all accounts strictly equal to the number of 
positively charged atoms, or, rather, valencies of 
such atoms, it is difficult to conceive how it is pos- 
sible for any electrons to have remained free at 
all. Were they all to become absorbed, as they 
some day will be most likely, there would bo no 
electric action of any kind, and, we suspect, no 
chemical action cither, and two sciences would 
become superfluous. 

To understand why we have escaped that fate, we 
may take an analogy on a very large scale. The 
force exerted by the sun on the earth is some four 
trillion tons. Yet the earth docs not fall into the 
sun, on account of the centrifugal force generated by 
its own velocity. Lot us see what velocity would be 
required to keep the electron from being absorbed 
by the atom. The force to be counterbalanced is, 
as we have seen, 1*16 x 10-» dynes. The centrifugal 
force of a body of mass m describing an orbit of 

radius R with a velocity . Substituting for 
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m the mass of the electron (001x10“” gramme), 
and for II its distance from the centre of the atom 
(10“® cm.), wo got — 


l-l6xlu-» 


o-6l_x 

io--» 


which gives v = ± I’SSxlO® cm. per second. This 
orbital velocity of the electron, though largo, is quite 
conceivable, iuasmuch as it is still less than 
the velocity of light (the utmost attainable speed). 
Knowing the size of the orbit, wo can calculate the 
number of revolutions it makes per second. This is 
2'2 X 10*^ or 2200 billion. As we shall see below, 
the revolving electron sends out ether-waves into 
space with the velocity of light (3 x 10'® cm. per 
secoutl). llcuce the length of these waves is 


3 X to' " 
2-2x 10*-’ 


ur 13() X 10'*^’ lani. 


This wave-length is about one-third of that of the 
shortest visible light-waves. The waves emitted by 
the electron are thus waves of ultra-violet light. 
Now, by Kepler’s law wo can easily find what dis- 
tance between electron and atom would give us any 
required wave-length. By that law the squares of 
the periods of revolution are in the same ratio as the 
cubes of the distances. If, therefore, wo make the 
distance 10~’ cm. instead of 10“®, wo increase the 
distance ten times, and the cube of it 1000 times. 
The wave-length will, therefore, be increased in the 
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ratio of ViOOO : Jl, or 31‘6 times. This gives for the 
wave-length of the light emitted by the electron in 
its now orbit, the value 4300 x 10~* mm. This light 
is also invisible, being about six times longer in wave 
than the most extreme rod light of the spectrum. It 
is “ infrarred." An Intermediate value of the distance 
will give visible light. The yellow light of sodium 
would require a distance of 2’66 x 10~* cm. between 
the electron and the atom. 

Of course, the electrons in a solid metal have 
widely varying velocities, and hence they give a 
continuous spectrum when the average velocity is 
high enough — i,e. when the body is hot enough ; 
otherwise they radiate heat-waves of great length 
and small energy, in accordance with the law of 
exchanges. 

The above considerations show that wo must con- 
ceive a metal to bo composed of a mass of metallic 
atoms pretty closely packed, so that the electrons, in 
their constant vibration due to a finite temperature, 
are often and easily exchanged between them. They 
therefore pass from one atom to another with com- 
paratively little frictional loss of energy. The metals 
are called “ good conductors of electricity " on account 
of this property. 

In other bodies, such as glass, ebonite, shcllac> 
quartz, oil, indiarubbor, and porcelain, there are only 
very few electrons suflSciently free to pass from one 
atom to another. If they surround a metal, they 
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prevent the electrons escaping from it even under 
the influence of a considerable force. Hence they 
are called “ insulators.” 

That they do contain their due ratio of electrons 
to atoms is shown by the strain to which an electric 
force subjects them, and by the mfluonce they exert 
upon light which passes through them, 

A vacuum, offering, it does, no resistance to 
the motion of an electron, is, in that sense, a perfect 
conductor; but not in the accepted electrical sense. 
To conduct electricity, a body must bo able to pro- 
vide carriers for its connection. These carriers are 
the electrons and po.sitivo atoms, with or without 
extra matter attached to them. The vacuum, con- 
taining no sucli carriers, is ajKtrfect insufutor. Tliis 
conflict of charact ori.stics warns us that our definition 
of a good comluctor is not complete. To conduct 
electricity well, a body mu.st cont.ain free electric 
charges, and offer but a slight resistance to their 
motion in the direction of the electric force. Those 
free elect ric charges are either single electrons or 
portions of neutral matter associated with positive or 
negative charges. A good conductor is one which con- 
tains a large number of free electric charges (called 
“ions”), and offers but slight resistance to their 
motion. The “ conductivity ” of any material is de- 
fined, in accordance with the electron theory, as the 
number of ions in unit of volume multiplied by the 
steady speed acquired by them under the influence 
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of unit electro-motive force. In accordance vrith 
this definition, we must declare the ether to be a 
perfect insi)lator. 

3. Distribution of Free Cha/rges. — Vfe have seen 
that a metal consists of a vast number of atoms 
(about one quadiillion per cubic centimetre), and 
about double that number of electrons. These are 
in rapid motion, and the other waves they emit in 
consequence of that motion constitute their radiant 
heat. Every body radiates heat, unless it is at the 
absolute zero of temperature ( — 273° C.), and it is 
enabled t<> do so by the heat it receives in exchange 
from its surroundings. 

In an insulator, the electrons are incapable of 
moving outside the range of the atoms to which they 
are attached. An electric force displaces tlieiii 
slightly; but when the force is withdrawn, they 
return more or lo.ss rapidly to their former position 
of equilibrium. 

In a conductor matters are different. The 
motion of both atoms and electrons is much more 
violent, and electrons are constiintly r un ning free, 
colliding with atoms and with each other, whirling 
round atoms, locked up with them, liberated by 
collision with other electrons or atoms, and starting 
on the same round over again. This difference 
between dielectrics and conductors is not as yet fully 
explained, but several circumstances shed light upon 
it. In the first place, conductors are usually heavier 
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than dioloctrics. 'I’liorofuro tho alums are hoa\ lor or 
more closely packed, and the electron is claimed hy 
a greater number of neighbouring atoms. Secondly, 
conductors, mostly motals, have a low specific heat, 
which means that a comparatively small amount of 
heat suffices to give them the molecular velocity 
corresponding to a given temperature. Hence they 
radiate and absorb heat-waves readily, and tho 
“exchange" above referred to is more lively in 
conductors than in dielectrics. 

Wo shall for tho present confine our attention to 
conductors, and more particularly to metals, or to 
copper as a p.articularly good conductor. 

In this metal it has boon roughly estimated that 
every electron combines with an atom, and is 
liberated again about a hundred million times {rer 
second. For every oOOO seconds which it spends 
locked in the embrace of an atom it roams free for 
one second. It is these roaming electrons which 
produce all tho ])honomona of conductivity. Wo 
may suppose that they constitute KTjVvtli of the 
total number of electrons in tho copper; but this 
number is very uncertain, and must vary with the 
temperature and tho quality of the metal. Tho roam- 
ing electrons do not constitute an electric charge, 
•since they are balanced by an equal number of 
positively charged atoms contained in the conductor. 

What will happen if a mass of free electricity, 
such as we have contemplated above, but containing 



THE ELECTRON AT REST 37 

a smaller and more manageable number of electrons, 
is brought near a lump of metal containing neither 
on excess nt>r a duHciency of electrons ? 

Obviously, the free electrons in the lump of metal 
will be repelled, and will make their way as far as 
they can in the opposite direction. The charged 
atoms left behind will bo attracted, and will crowd 
towards the mass of electricity. When equili- 
brium has been attained, the point of the conductor 
nearest the store of electrons will be found to be 
positively charged, and the point farthest away will 
be found negatively charged, with a more or less 
gradual transition at intermediate points, according 
to the shape of the conductor. This is the well- 
known phenomenon of “charge by influence," dis- 
covered 150 years ago by .dilpinus in St. Petersburg. 

To keep in touch with reality, it will bo well to 
obtain some quantitative idea of this charge, and to 
do so we must deal with a larger quantity of elec- 
tricity than that of a single electron. The most 
natural procedure would bo to make our unit consist 
of a certain largo number of electrons, say a multiple 
of ten. But this is barred by the uncertainty which 
still surrounds the precise charge of the electron. 
J. J. Thomson’s latest estimate is 3'4 x 10 ** “ electro- 
static units," and this is the value we have assumed 
throughout our calculations. But in practical 
measurements the unit is defined ns that quantity 
which, when placed m a vacuum at a distance of 



38 


THE ELECTllON THEORY 


1 cm. from an equal quantity of ibe samo sign, 
repels it with a force of 1 dyne gramme). 

Now since one electron or positive Atom repels 
another at 1 cm. with a force of 1'16 x 10"*® dynes,* 
and the force varies with both masses, the repulsive 
force of 1 dyne would bo produced by 2'93xl0* 
electrons, or 2930 million. 

This quantity of 2930 million electrons (more 
or less) is what is called the “electrostatic unity 
of quantity," being derived from measurements of 
electrostatic force. For tho purposes of Ihis work, in 
which the reader is to ho constantly reminded tliat 
electricity has an atomic structure, tor nhull v to 
call the 2930 viiUion elect covs (tho equivalent of 
one “electrostatic unit” of negative electricity) a 
“ cominmy ” of elect cons, and the s.amo number of 
cliargcd atoms (or any other objects) a “company” 
of such atoms or objects. Tho number 2930 million 
is for the present .assumed to bo correct, hut it may 
have to bo slightly modified in cour.se of time. 

We may now rc-stato our laws of roimlsion as 
follows ; — 

(a) One company of electrons repels another 
I'.ompany placed at 1 cm. from it with a force of 
1 dyne. 

(h) One company of neutral atoms deprived of one 

* The dyne is the force winch, acting for one second on a mass of 
one gramme, produces in it a s|)eed of I cm. per second. It is the 
981 6t part of a gramme. 
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electron each repels another such company at 1 cm. 
with a force of 1 dyne. 

(c) One company of electrons attracts a company 
of neutral atoms deprived of one electron each with 
the force of 1 dyne. 

(d) These forces vary inversely as the square of 
the distance (the distance being largo as compared 
with that between the individual electrons or 
atoms). 

4. Enet'gy of Position : Potential , — When motion 
takes place in spite of a resistance, work is being 
done. When tho motion is steady the force produc- 
ing it is equal to tho force resisting it, and the work 
is inoasured by the distance covered. If the resist- 
ance oncountcred between two points is duo to con- 
tact with intervening matter, the amount of work 
done in pa.ssing from one point to another depends 
upon tho path. Thus, in driving from one to^vn to 
another, tho work is less over a good road than a bad 
ono. If, howover, one road is twice as good as 
another and also tw'ico ns long, the total Avork is the 
same. The badness of a road is measured by tho 
rosistanco it oifers to tho vehicle, and tho work is 
measured by tho product of the distance and resist- 
ance, so that if the work along two routes is tho 
same, the length of each route must be inversely as 
its “ badness ” (re-sistance). 

When tho resistance is due, not to intervening 
matter, but to the repulsion of a distant body, the 
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work done simply dopot\ds upon the distance from 
that body, and is quite independent of the path 
traversed. Ignorance of this fact has mspircil most 
of the unsuccessful seekers after perpetual motion. 

If the repelling distant body is a point or very 
small sphere, and a series of concentric spheres are 
constructed round it, work has to be done on the 
repelled body to make it pass from one sphere to the 
next ; but no work is required to move it along the 
surface of any given sphere, since all points on that 
surfiice are at the same distance from the repellent 
body. In passing from one .sphere to the next inner 
one, a ceri.iin amount of work must bo done. When 
the repelled body returns to its first sphere, that 
work is given up again, and c.an be used to overcome 
some other resistance. A body thus capable of per- 
forming work owing to its position, is said to possess 
“potential energy,” in other word.s, a potentiality 
of work. Clearly, the potential energy will bo the 
greater the nearer the body is to the repellent body. 
But how can the actual amount of the total potential 
energy bo measured ? The problem presents one 
obvious difficulty — the repulsive force extends into 
infinite space, so that the potential energy would 
appear to bo infinite; that is to say, the repelled 
body can bo made to do work to an infinite extent, 
for however great the distance to which it may have 
been repelled, there is still some remainder of 
repulsion ready to act upon it and make it work. 
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This argument, though plausible, is vitiated by 
the fact that the sum of an infinite number of 
infinitesimal quantities is not infinite, but limited. 
That this must be so may be illustrated by a few 
familiar examples. One of them is the old Greek 
dilemma about Achilles and the tortoise. A tortoise 
is a mile ahead of Achilles, who starts in pursuit. 
Achilles runs 100 times as fast as the tortoise, so 
that when he has run the mile, the tortoise is 
mile ahead. When Achilles runs that distance, the 
tortoise is ahead, and so on. So that 

Achilles will always get nearer the tortoise, but 
never quite up to it. The solution is that the sum 
of these quantities 

‘ i ui) 10,000 l,< Kxyjoo’ ^ 

is a finite number, as is evident when written as a 
decimal fraction 

i-oioioioioi 

a number which is certainly smaller than 1'0102, 
and is exactly equal to Vvr. The tortoise will 
therefore have gone exactly jV of a mile when 
Achilles overtakes it. 

Another example is this. If you stand on a 
bridge over two parallel lines of railway, the mils 
seem to meet on the horizon. If you stand over one 
line, the rails, if running straight along an infinite 
plane, will meet in a point on a level with your eyes. 
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If a train is trayolling out along the other line of 
rails, it will approach the first line as the distance 
increases. It can never cross it, as thojrails are all 
supposed to be parallel If the train, therefore, 
moves on for miinite time it will always be 
approaching that point on the horizon, but never 
reaching it. We see, then, that infinities and 
infinitesimals may often bo combined into finite 
quantities subject to ordinary arithmetic. This may 
encourage n.s to tai-kle the problem of the total 
potential energy of a rcpellctl body. 

For this purpose wo will surround the rcj^elling 
body E with a .series of concentric .spheres (Fig. .‘5). 

The surf’aco.s of tlic.so 
spheres are called 
" oquipotontiul sur- 
faces," since the re- 
pelled body Ijos the 
same potential energy 
while it remains iu 
the same surface. We 
will not draw those 
spheres at random, but 
make their successive 
diameters so that the same amount of work Is dune 
in passing from any sphere to the next. Since the 
force of repulsion varies inversely as the square of 
the ratlius, the distance between two successive 
spheres must vary directly as the square of their 
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mean radius. At twice the distance, therefore, the 
equipotential surfaces will be four times as far apart. 

Now place a small negatively electrified body, say, 
a “company” (1 E.S. unit) of electrons, at E and 
another at a point F. The problem is to find its 
total potential energy at F — i.e. the work that has 
been done on it to bring it up to F from an infinite 
distance, or the work that it is capable of doing in 
retiring to an infinite distance. 

To simplify matters, describe a special sphere 
passing through F, and others with radii twice, 
four times, eight times, &C., os largo, passing through 
Q, R, S, ito. (Fig. 4). In passing from P to Q, the 
company cuts a cer- 
tain number of equi- 
potential surfaces, and 
this number measures 
the work done upon it. 

Lot this work bo de- 
noted by W. In p*iss- 
ing from Q to R, its 
experience will be pre- 
cisely similar, except ^ 

that, tho distance be- 
tween successive surfaces being four times what 
it was lioforo, tho rate of work will be one- 
fourth. Since, however, tho distance traversed 
is twice as great, tho actual work done between 
Q and R will be one-half that done between 
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P and Q. In the next compartment, the work 

w w 

will be j instead of y, and the next again it will 
bef. 

Extending this to infinity, the total work done 
( = the total jK)tontial energy) is 


W W \V W 

" + + .1 H +!(] 


Now, as every one can easily try for himself, the 
sum of 

i + + + 

to infinity, is just — 2, 

Hence the total work is 2W. This is the 
potential energy of the company when at L\ The 
potential energy at Q will he 


At H it is 


At S it is 


2 VV- W -W. 


W-'' hW. 




In other words, the potential energies at P, Q, R, S 
are as 


or 


2 : 1 : 4 :* 
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Since the distances are as 

1:2:4:8, 

we find that tlt/e potential energy at a poini ia 
inversdy as the distance of the point from the centre 
of the repelle^it body. 

To obtain the actual value of the energy in foot- 
pounds or other units of work, wo need only deter- 
mine the work done between P and Q and double 
the amount. If the force at P is 1 dyne, the force at 
Q must bo J dyne. If the distance between P and 
Q is 1 cm., the work must lie between 

1 cm. X 1 (lyiio aiul 1 cm. x I dyiio. 

The work of overcoming or exerting a force of 
1 dyne through 1 cm. is called “ 1 erg ” : hence the 
work between P and Q is somewhere between 1 erg 
and J erg. 13y constructing a large number of equi- 
poleiitial .surfaces between P and Q by the rule given 
above tmd counting them, wo find that the actual 
work is just J erg. Hence the total potential energy 
equal 2 X i org= 1 erg. 

Since E P = 1 cm., and the force at P is 1 dyne, E 
must bo, by definition, Just one company of electrons. 

Hence we have obtained the following important 
and fundamental result : The total work required to 
bring up one electrostatic unit (one “company”) 
from infinity to within 1 cm. of another similar and 
equal unit is 1 erg, and if the distance varies, the 
total work varies inversely as the distance. 
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If WO incroaso tho rcpcllont l»nly, the work varies 
as tho quantity of olci-t ricily, siuco tho olVcots of 
two “ coinpaiiios ” Wv>uld ho simply added up. Hut 
if we double both tho repollinj; and tho rop«‘lIod liody, 
the work is quadrupled. If wo keep tho ropollotl 
body always equal to ono unit or company of 
electrons, we obtain a convenient measure for tho 
potential energy which the repelling lK)dy is capable 
of imparting. Tho work performed upon one com- 
pany or unit in bringing it up from inlinity to a 
point P against the repulsive force exorcised by E is 
called the potential function, or shortly tho potential 
at P due to E. Tho following theorems arc imme- 
diately evident ; — 

(a) All points in an oquipotontial .surface aro at 
the same potential. 

(!>) A charge will always tend to move from a 
point of higher to a point of lower potential. 

(r) Tho force at any point is proportional to tho 
rale of change of potential along tho lino of force — 
i.e. to tho crowding together of tho cquiputontial 
surfaces. 

(d) All points on the surface of a conductor are at 
the same potential. For if they wore not, electricity 
would travel from tho higher to tho lower potentials 
until they were levelled up. 

We have supposed tho repellent body E to be a 
very small splrcro. But it may bo a sphere of con- 
siderable size without disturbing our calculations, so 
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as til* oloctrcins or positive atoinn arc unitonnly 
distrihuLcti over the surface. Tor tliun they act 
oiifwanlh ns if they iv* re nil coiicentrated »U the 
ceuin’. IVc? c.Ui. tin ref tfni f/zc At ih^t 

verv' ‘C “/ thv /■ / Ac /tl /« tS# 

ill vontiiuvirvs. Tixtkl llW 

\..ial work io«u rt»« lit. 

us l.uiUl \i uv uiul \.5 \im\. loXirnii, ‘ 

companies within U coniimolteK ot 

quirwl dynes. The next unit look double fb e 

work, or dynes, the last unit required * dynes. 

Wo f'ot at tho sum of these urin.s by taking the 
average of tho charges during formation. This 
average is 

(E-I) + 1 _K 
2’' -• 2 - 

Iho average potential during formation was, therc- 

foro, 2^^, and since the total nuinber of units to be 

brought to that potential was E, tho total energy 
consuniod in tlic process was 


Or, if V is tho final potential the total cncigy 
consumed is J E V. 
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To roturn to our graniino of pure olcctriuity 
(p. 24), which we found to produco such alarm- 
ing results even at the distance pf the sun, 
we can now calculate the energy required to 
make it. 

The gramme, as we have seen, consists of half 
a trillion (5-6 x 10'') companies. This is E. We 
will supp«>so these concentrated on a sphere 1 cm. in 
radius, si» tliat R = 1. Then the energy required to 
build it up is 


ht 


E2 .(.VOxlO'^a , ,, 

org.s = * j = IG X In’* Off'S, 


or a billion horse-power working for 080,000 years. 
The same energy would, of course, be required to 
build up the .simc number of charged alom.s; but if 
only 1 gramme of charged atoms is to bo built up, 
the number of companies will bo less in proportion 
to the weight of the atom. Now the atoms are from 
1000 to 200,000 timo.s heavier than an electron, and 
the number of companies per gramme 1000 to 
200,000 times less. Hence the energy required to 
build up a gramme of matter consisting exclusively 
of positively charged atoms ranges from 16 x 10"* 
ergs to 4 X 10*^ ergs, still an enormous amount. 

Since the potential due to a small charged body at 
a point outside it is simply measured by its charge 
divided by the distance of the point from its oentre, 
the potential energy, or simply potential of any other 
charged body placed at that point, will bo the product 
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of its charge by the potential at that point. If the 
charge on the first body is Ej, and on the second 
body E,, and their distance B, the potential is 

This potential is mutwil, as it only depends 

upon their relative position, and it does not matter 
whether Ej has been brought up to E, or vice verad. 

If there are several bodies conferring a potential, 
the total potential is got by simply adding up the 
separate potentials, remembering, however, that if 
the force is attraetive instead of repulsive, the 
potential is negative. The ch.arges will have opposite 

signs, say Ej and — Ej, and the result 

is a negative potential — i.r. work is gained instead 
of spent in bringing the charges together. 

It follows that if the two charges E^ and — E, 
are equal, the total potential at any point equidistant 

from them is aero, being in one caso and in the 

other — jj. Now all the points equidistant from 

two other points are contained in a plane surface 
normal to the line joining them, and bisecting that 
line (Fig. 5), it will be noticed that we have here a 
well-known caso of optics. If Ej is a luminous 
point and AB a reflecting surface, Ej will be the 
“image" of Ej. We might have any other such 
points on the side of £{, and if wo had equal and 
opposite charges at the same distance on the other 

o 
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side, the surface AB would still be an equipotential 
surface at zero potential. Conversely, if the charges 
on the other side wore taken away, and the surface 
were kept at zero potential throughout (as a metal 
plate could be kept at zero potential by connecting 
it to earth), opposite charges 
would have to bo distributed over 
the surface, so as to make up for 
the charges taken away, and keep 
^ the force at every point above the 
surface the samo as before. This 
consideration enables one to 
calculate tho distribution of the 
electric charge by “intluenco.” 
Tho method is a very fruitful 
and valuable one. It is called 
the “ method of electric images.” 

Since the surface AB is an equipotential surface, 
no work is required to move a body along it. If 
the distance between Ej and E.^ is 2 R, tho distance 
of tho plane from Ej is R. Now tho work required 
to bring a company of electrons from infinity to 

F 

within R cm. of the charge Ej was while Ej was 

alone in space. This amount has become zero at one 
point, owing to tho presence of E^. This shows that 
the potential due to one charge may be counter- 
balanced and annulled by tho potential due to 
another. Hence, though the potential due to each 


A 



8 

Fio. e. 
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body by itsolf remains precisely the same always, the 
net potential at any given point depends upon every 
free charge in the whole of space, and can therefore 
acquire any value we please. If the point in question 
happens to be on the surface of a charged conducting 
sphere, it follows that tho “ potential of that sphere ” 
is equally subject to the influence of surrounding 
charges, being lowered by any free charge of the 
opposite sign. In order to restore its potential to 
tho former high figure we must increase the charge 
on it. If tho potential has been halved, we must 
double tho charge, in order to restore the potential. 
If the potential is very low, tho conductor can carry 
a groat charge ; it has, so to speak, a great carrying 
capacity. This conception of capacity is a very 
important one, so we must define it more precisely : 
“ The capacity of a conductor is the charge required 
to raise it to unit potential.” 

A sphere of radius 1 cm. has unit potential (1 dyne 
per unit charge repelled) Avhon it contains unit 
charge (1 “company"). If its radius is 2 cm. its 
potential is and to bring it to the same potential 
its charge must bo made 2 companies; if 3 cm., 
3 companies, and so on. Hence wo have tho general 
rule : The capacity of a sphere is proportional to its 
radius. 

If the charged sphere has an elastic surface, the 
mutual repulsion of tho charges will tend to bring 
about an extension of the surface. This may be 
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proved by blovring a soap-bubble, and then charg- 
ing it. The bubble expands, and its capacity 
increases. 

When two oppositely charged conductors approach 
each other, the potential of each is lowered and the 
capacity increased. Hero again the spontaneous 
motion leads to an increa.se of capacity. 

When two similarly charged bodies repel each 
other and move ap.irt, their potential is lowered, 
and, .again, their capacity increased. 

Thi.s is a general rule; If churged covdiictors 
arc free to m>vc, they always move so as to make 
their 2 ^otential a viiniviam, and their capacity a 
rnaximuin. 

The motion thus engendered leads, of course, to 
a diminution of potential energy. By the law of 
the conservation of energy, there can bo no loss 
of total energy, so what is lost in potential energy 
is gained in energy of motion or kinetic energy. We 
shall have to consider this kinetic energy later on 
when dealing with the electron in motion. 

5. Condensers. — We have learnt that when a 
positively charged conductor is brought near a 
negatively charged one, the capacity of* each con- 
ductor is increased. 

To simplify matters, consider an infinite plane 
conducting surface, AB (Fig. 6), and a point, P, 
outside it. Let the electrons bo uniformly dis- 
tributed over the surface out into infinite space, 
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and let P contain one company of electrons; then 
we can prove that the repulsion between the plane 
and P is independent of the distance of P from the 
plane, as follows : — 

Draw PD, PE, two lines equally inclined to the 
plane. Draw similar lines all round P, so as to 
make a cono with P for 
its apex. The base of the 
cone will be a circle in tho 
plane surface AB, and all 
the electrons in that circle 
will repel P. Let their 
total repulsion bo 1000 
dynes. Now remove P to 
twice the distance, keeping 
the angles between the 
lines and the plane the 
same as before. The lines 
forming the sides of the 
cone will bo double their 
previous length, and tho 
base four times its previous area. There will there- 
fore be four times the number of electrons to exert 
their repulsive force; but since their distance is 
twice what it was, wo must divide tho force by 4 
(tho square of the distance), and tho net force will 
be the same as before. The argument will hold good 
whatever tho size of tho angle at the apex, and hence 
we may make it so large, and the cone so flat, that 
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the repulsiou of the electrons outside the cone is 
practically imperceptible.^ 

Having thus suen that the repulsion is the same 
at any distiinco, let us calculate its amount. Lot 
the point P be 100 cm. from the ))Iuno, and let 
the plane contain 1000 companies on every sq. cm. 
Then the repulsion between the nearest square um., 
ab, of the plane will be (p. 38) — 




dyne. 


Now describe round P a sphere which just touches 
the plane. Take another .square cm. in the .surface, 
say, cd. Then, if there were 1000 
companies on ed they would repel 
P with the same force as before 
— viz. O’l dyne. But this force 
would not be so effective as before, 
since it is inclined to the vertical. 
Now produce Pc and PtZ to Ped and 
Pd‘, and let Pc* be = 2 Pc. Then if 
the imaginary surface c*d* had the 
same surface density as cd its force 
on P would bo the same, since its 
charge would bo four times and its 
distance doubled. In producing PfZ* to Pe*, and 
completing the intersections with the plane, wo mark 



Fm. 7. 


1 We must add tJiat for the above reasoning to hold good the 
density of the electrons on the surface must bo very great; other- 
wise the redistribution of the electrons, owing to the repulsion of 
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out a new surface, c^e^, whose size is the gpreater the 
more Pc' slants to the surface. This slant compen- 
sates tho slant of the push of the repelling electrons 
on c’e', and wo find that their force is 0*1 dyne also, 
as before. Tho same argument would hold good for 
any square cm. we choo.se to cut out of the hemi- 
sphere turned towards the plane. Hence tho total 
imsh is a.s many times 0*1 dyne as there are square 
centimetres on the surface of tho hemisphere, viz. — 

iira (radius)!!, 

or, since tho radius is 100 cm., the total force is 

2jr X 0*1 X l(X)s dynes 
= 2n- X 10(X) dynes, 

or 2w times (0*2832 times) the number of companies 
on each square cm. of the pLano. 

Tho companies or units per square cm. are called 
tho “ surface density of electricity,” and are denoted 
by <r. llouco wo have — 

Force on 1 unit=2s*<r 

at any distance from an infinite charged plane on 
either side. 

In pa.ssing through tho plane only the direction 
of the force changes, and not its amount. 

P, would produce the same effect as a charge of a company of 
positive atoms placed at the “image” of P in the plane. This 
image would attract P, and so lessen the repulsion. If, however, 
the surface density is great, this attraction may be left out of 
account, as it has no perceptible iutluence. 
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Now let there be two infinite parallol conducting 
planes at a distance, D, &om each other (Fig. 8)t 
and let them have equal surface dentitios of opposite 
sign, so that if AB contains, say, 1000 companies of 
electrons per square centimetre, A'B> contains 1000 
companies of positively charged atoms per 
square conlimotro. 

Then wo can prove that there Is no 
eleotrio force in the iiold except in the 
space between the two planes. At a point 
1", for instance, the force duo to AB is 
27 ro-, and the force duo to A’B* is — 'l-na, 
and the sum of tho two fi>rces is zero. In 
other words, tho positive charge on A’B* 
“neutralises" tho negative charge on AB 
for all infinite space outside tho two 
® surfaces. 

Fio. s. What Is tho ditVorcnco of potential be- 
tween AB and A’B' ? In other words, what work 
will have to bo spent on a company of electrons to 
bring it from A'B‘ to AB ? 

It will obviously be tho product of tho force into D. 

Now tho force on a company of electrons is a 
repulsion by AB amounting to 27r<r, and an attrac- 
tion by A'B' to the same amount. These two forces 
being in the same direction, they add up, and the 
total force at any point between the planes is 47r<r. 
Hence the work on one company is 4wo’D, and that 
is the difference of potential between AB and ABb 


A A» 
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A system like the abore, consisting of two con- 
ductors separated by a non-conductor, is called a 
“condenser.” The most familiar example of a 
condenser is the Leyden jar (Fig. 9), in which 
the conductors are made of tinfoil stuck on 
the outside and inside of a glass jar, and the 
non-conductor is the glass. 

The capacity of a condenser is measured 
by the charge which must be imparted to 

either conductor to make the difference of 

... , -1 9 - 

potential between them one unit, so that one 

erg of work must bo spent to take a company of 

electrons from one conductor to another. Since the 

difference of potential between the two planes is 

and this is = 1, we have 

1 

for the capacity per unit area of the condenser 
consisting of two infinite planes. This increases 
inversely as D, so that if wo make D small enough, 
and the plates close together, we can get a condenser 
of any capacity wo please. 

The advantage of condensers of large capacity is 
that we can store up great charges in them with 
little work, and with little tendency to wasteful 
discharge, as there is no force outside the coatings. 
Hence the name “ condenser.” 
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If, however, the plates are connected by a wire 
or other conductor, the mutual repulsion of the 
electrons towards each other and the positive atoms 
towards each other will force both into the wire, 
where they will moot, and electrons will bo absorbed 
by the positive atoms to form neutral atoms. Their 
potential energy will bo liberated and pass first into 
the form of motion, and then into heat. If the wire 
is interrupted by a short gap of air, this di.schargo 
will break through the air and produce a s))nrk — 
the well-known spark from tho knob of a Leyden 
jar. 

Tho condenser con.sisiing of two infinite planes 
is, of cour.se, incajiablo of jiractical realisation, and 
is only introduced for theoretical purjiuse-s. It 
enables us, however, to pass to jiructical construc- 
tions without sacrificing our re.sulls of calculation. 
If the jdates were, s.ay, 1 metro square each, the 
capacity of the condenser would bo 

KHl'-' 

4 TT D 

approximately; but the distribution of tho charges 
over the plate.s would not bo uniform, as they would 
be crowded towards the edges. On tho other hand, 
the charges on tho central portions would bo practi- 
cally uniform, and if we could separate out a single 
square centimetro at tho contro of each plate, we 
should approach very clo.sely to the theoretical per- 
fection of our infinite planes, and could safely apply 
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our formula?. If wo make a clean cut round the 
small area, but connect it by a fine wire with the 
larger area, so as to keep it at the same potential 
as the larger area, we may regard the two small 
areas as forming an ideal parallel-plate condenser 
amenable to calculation. 

Thus, if their areas are 1 sq. cm., and their 
charges 1000 companies, and they are 1 mm. apart, 
the capacity of the small condenser is 

I = — i =0-795. 

4s- X 0-1 12-6x0-1 


The charge being 1000 companies, the difference 
of potential is 


1000 

0-795 


= 1200 , 


so that it will require 1200 ergs of work to bring 
a company of electrons from the positive to the 
negative surface. 

The attraction between the two areas is 


1000x1000 , 

— (O-l)'-* ■“ milhon dynes, 

or nearly 100 times the pressure of the atmosphere 
upon them. If the distance were 1 cm., the attrac- 
tion would just about balance the atmospheric pres- 
sure, so that if there were a vacuum outside both 
pianos, the atmospheric pressure between them 
would not pu.sh them apart. 

If wo attached a spring to one of the small 
plates, and stretched the spring till it pulled the 
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small plate back into line with the larger plate, 
we should find that the force on the spring would 
have to be 102 kilogrammes, or 221 lb. If the 
charge on each plate were double, the force would 
be quadrupled, and would become 884 lb. Con* 
versclj, if wo know the force, we can calculate the 
number of companies on each surface. 

The rule is : ■' Multiply the distance between the 
plates by the square root of the force in dynes,” 
The result is the number of companies on each 
plate. If the force is measured in grammes, mul- 
tiply by OSl to convert it into dynoa 

Tlio number of companies per unit area is found 
by dividing tho number found by the area of the 
plate (in tho above case, by *1), The above prin- 
ciple is tho principle on which the most accurate 
moasuremouts of electric quantity are made. An 
instrument, called the Attracted-Di.se Electrometer, 
has been con.structcd by Lord Kelvin for tho pur- 
pose. The inventor calls the larger surroundmg 
surface tho "guard-ring." 

But a more widely used instrument is tho Quad- 
rant Electromotor, in which a charged flat needle 
moves in four quadrants of a circle, two of which 
are kept at the potential to be measured. The 
calculation of the working of this instrument is 
more complicated. 

If two parallel planes are bent up into two con- 
centric spheres, it is evident that there will be 
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nothing to disturb the even distribution of their 
charges, and their capacity per unit area will be 

as before. Hence, if their average radius is r, 

and D is small, the surface of both spheres will be 
very nearly 47rr®, and^their total capacity will bo 

r* 

4^D”D* 

so that, in order to store a large amount of electricity, 
we must make both spheres large, and their radii 
nearly equal If <t is the surface density, the force 
between the surfaces will bo 47r(r per unit area, as 
in the case of the infinite planes. Now this force 
in cqiud to that due to the invrr nplare alone. For 
the total charge on the inner sphere is erx surface = 
«r X -iTrr-. This acts outwardly as if concentrated at 
the centre, so its force at a distance r is 

4)KrT» . 

— =»47r(r. 

Hence the charge on the outer sphere exerts no 
force inside it. The electrons on each element of 
its surface exert their forces just as usual, in accord- 
ance with the inverse-square law; but for every 
group on one side there is another group, more 
distant but correspondingly larger, on the opposite 
side of tho same surface, which counterbalances 
its force. By an argument similar to that used 
in the case of an infinite piano, we can extend this 
rule to charged conductors of any shapo, and for- 
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miilato tho jjonoral rule: “Tho distribution of 
charges on a closetl conducting surface is always 
such that tho Hold of force resulting from its own 
charges, or from forces outside it, is zero at any 
point within the enclosure.” 

A conducting enclosure, oven a closo-mcshcd wire 
cage, acts, therefore, as a perfect screen against 
external electric forces. Such a cage is »)ftcn used 
to protect delicate measuring instruments against 
disturbance from outside. The enclosure can bo 
charged so highly that sp.irks and brush discliargcs 
burst forth at every corner; but the most delicate 
indicator will fail to discover tho slightest oflect 
inside. Any charge that is to exert 
an cflfcct mu.st bo brought in.sido tho 
enclosure. 

0 . tifjMcifir. hulurtira Cupavifif , — 
Lot us return to tho two iniinito 
planes, and study tho ofibcl of intro- 
ducing between them a cunducting 
plate, filling up half tho space 
between them (Fig. 10;. In a con- 
ducting substance there are always a 
largo number of electrons and posi- 
tive atoms ready to obey electric 
forces. Tho electrons will cr<»wd to- 
wards S, and the positive atoms towanls R, until 
the electric ff>rce inside tho plate ha.s become zero. 
To bring this about, tho surface density on R mu.st 
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be equal and opposite to that on AA*, and the 
surface density on S equal and opposite to that 
on BB>. This gives us, then, practically two con- 
densers, connected in what is called the “cascade” 
arrangement, the ])otcntials falling like the levels 
in two successive w''.terfalls. 

What difference will this make in the work re- 
quired to take a company of electrons from BB' to 
AA* ? The force from S to R is zero. The force 
from BB* to S and from R to AA* is the same as 
before, being due to the same surface density, and, 
as we have seen, independent of the distance. But 
the distance over which the company will struggle 
against this force has been halved by interposing 

the conductor of thickness Uence the work is 

halved, and, therefore, also the difference of potential, 
imd the capacity doubled. The same effect vrould 

be produced by simply ro<luciug the distance D to ^ 

without introducing the plate. 

Wo see, therefore, that a conductor introduced 
between two coatings of a condenser increases its 
oa])acity. If, instead of a plate, a multitude of 
small conductors wore introduced, their effect would 
depend upon their density and size, but it would 
have the effect of increasing the capacity of the 
condenser. 

The quality whereby a substance introduced be- 
tween the coatings of a condenser increases its 



64 TriR RT.W'TROX THRORY 

oapacil)' is oalloil the imluctivc capacit}’ i>l tlio 
substance, aiul its {tulncdre cttimrilif is 

moiusurcd by the ratio liy which the cajm- ily of 
the ooiulonsor is increased on substituting' tlio 
sul^tauco for air between the coatings. 

The specific inductive capacity of a medium, 
discovered and named by Faraday, is now usually 
called its dielectric constant. 

Hero are a few values : Glass, 3 to 7 ; ebonite, 
2 to "c." ; mica, 7 to 10; petroleum, 2; alcohol, 25; 
ice, 78; metals; infmite. Condensers are now 
usually made of mica, on account of its high 
dielectric const .ant. 

The specific inductive capacity of a medium is duo 
to the number of elccirons it contains, and to the 
extent to which those electrons are displaced out 
of ihcir norniftl positions under the influence of an 
external electric force. In many media, notably 
guttapercha, this <lisplaccmont takes some limo 
to disap})ear after discli.arge, while in mica there is 
very little of this remanent electrification. 

The electron theory is as yet unable to state what 
is the eonfiguratiijn or mobility of electrons which 
produce the various inductive capacitie.s of media. 
It is known, however, from Maxwell’s electromagnetic 
theory of light, that the dielectric constant b pro- 
portional to the square of the time required by long 
waves pf electric force to traverse the meditim. 

If two charges are separated, not by a vacuum, nor 
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by air (v, hoso dielectric constant is very little hij'hcr 
than that of a vacuum), but by a medium of dielectric 

£ £ 

constant, K, the force between them will be, not 

but This should be remembered when the 

chained bodies are immersed in a medium other 
than air. In the same way, the potential of a 

charged sphere of radius, B, becomes and its 

energy is reduced K times. 

7 . Electrostatic Machines . — An electrostatic ma- 
chine is a machine used for the mechanical separa- 
tion of electrons from positive atoms. The earliest 
machine of the kind consisted of a piece of amber 
and a woollen cloth wherenitb to rub it. This 
was improved upon by Otto von Guericke in 1603, 
who inado a machine of a sphere of sulphur, 
which was rotated on its axis while the hand rubbed 
against it. The sulphur withdrew electrons from 
the hand, and thus became negatively electrilicd. 

This process is termed " electriKcation by friction," 
and was, for centuries, the only known way of pro- 
ducing an electric charge. A glass rod rubbed with 
silk is the most usual frictional apparatus for ex- 
periments on a small scale. In this case, the silk 
withdraws electrons from the glass, leaving the latter 
“ positively " charged. 

The process whereby bodies become electrified by 
friction is still very obscure. It is known that it 

E 
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tlopomls largely upou iho ciuulilion t>f tli surluco, 
and the ohoiuioal nature and .slnuanro of llio hodics. 

Of conunonly known bodies, a eatskin 'ivos up 
eU'otrons most easily, and .sulphur absorl)s ilieiu most 
easily, so that a inaehino inudo of tho,sc two suh- 
stanoes is very oirectivc. 

Wo may suppose that there are at the surface of 
every uncharu'eil body a number of electrons ready 
to part company with the positive atoms to which 
they are attached. A catskin would be particularly 
rich in those loose electrons, and sulphur particularly 
{K>or. The effect of rubbing the two together is to 
give the loose electrons an ppportunity to pas.s from 
the skin to the sulphur, where they are more strongly 
hold. Once wo have a charged bo<ly, it is ea.sy to 
obtain other charged bodies l>y inilncnce. Wo have 
scon idtovc (p. .‘57,) that if a conductor is brought 
!i(jar a negatively charged body — say, a block of 
rulibed sulphur — the free electrons are pushed to the 
t rifl farthest from tho sulphur and the positive atoms 
fire attracted towards it. If we break tho conductor 
in two, and take away tho sulphur, wo obtain 
a negatively charged conductor and a po.sitivoly 
charged conductor. Or, instead of breaking tho 
conductor in two, we intiy make it up of two con- 
ductors in metallic contact, and separate thorn whilo 
still in tho vicinity of tho sulphur. Or wo may let 
the repelled electrons ptiss into tho earth, and then 
break tho connection and obtain a positively charged 
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conductor only, and this process may be rep;ate<l 
iiidi'fini'uly, so that vro can manufacture any nuiidjcr 
of ])ositivo atoms from a single charge of electrons, 
though not without setting free an equal number 
of electrons. 

The earliest electrostatic machines separated 
electrons and positive atoms by friction, and then 
used their mutual attraction for storing them in 
condensers. This stort^e is closely akin to the 
Btonqre of water in vessels, cisterns, and reservoirs, 
where it is held by the attraction of the earth. 
Only the substances used are adapted to very 
diflbrcnt requirements. For water, air is pervious 
and metal impervious. Hence the water is sur- 
rounded by metal or other solids on the side nearest 
the earth. For electricity, on the other hand, air is 
impervious and metal pervious. Hence the charged 
metal must bo " insulated ” by meims of some non- 
conductor. 

The more modern mAchine.s work by inlluenco. and 
arc more ctlicicnt, but their efficiency is still fur from 
perfect. 'I'lio ideal electrostatic machine is one in 
which electrons can be separated from positive atoms 
with an expenditure of work which can lie entirely 
recovered on allowing the tw'o olectricitios to re- 
combine. 

A limit is sot to the amount of electricity separated 
and stored in condensers by the •' dielectric strength ” 
of the medium. When the air or other dielectric 
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between the coalings of a condenser is subject to a 
certain limiting stress, an electron breaks out from 
the negative coating and rushes across towards the 
positive coating. In doing so it collides with a 
number of neutral atoms, and breaks them up into 
“ ions of opposite signs, Thejo ions practically re- 
duce the distance between the coatings, and thereby 
increase the stress. This, again, leads to a rush of 
further electrons and positive atoms towards each 
other, and we have a whirl and turmoil of inoveiuonts, 
collisions, separations, and recombinations. Wc have, 
in fact, an electric spark ; or if it takes place on a 
large scale in the atinosplicro, wo have lightning and 
thunder. 



CHAPTER IV 

THE ELECTRIC DISCHARGE 

1, Discharge in General. — Whenever an electron 
moves from one space into another, it may be said to 
produce a discharge from the first space into the 
second. But an ** electric discharge ** is usually under- 
stood to mean the process whereby a body loses the 
charge that marks it off, electrically speaking, from 
its surroundings. 

These ** surroundings/' such as tables, walls, &c., 
are usually connected with the earth by more or 
less good conductors, and bodies cease to exhi)>it an 
electric charge when they are at the same potential 
as the earth. 

Now what is the potential of the earth ? In other 

words, what is the work required to bring a company 

of electrons from infinity to the surface of the earth I 

The question is not easily answered, but the work 

may perhaps be roughly estimated at a million ergs. 

For the charge of the earth is negative. It re{)ols 

electrons, and attracts positive atoms. It behaves in 

that respect like an electron, and who knows but that 

if an electron wore magnified to the size of the earth 

it might show a marked resemblance to our owm 
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planet ? The rosoniblnnre is increased by the fact 
that the sun has a lar^o positive charge, ostituatod 
by Arrhenius at L’oxlO'' “coulombs" ( = 7’r>xt0“ 
companies'), which gives it a potential of lO'*’ units or 
;> billion “ volts." The sun thus resembles a positive 
atom with a number of negatively charged electrons 
in the shape of planets revolving round it. Hut the 
analogy fails when wo measure the forces between 
the sun and planets. For the electric attraction is 
found to bo quite imperceptibly small in compari-son 
with the gravit.at ional attraction, and astronomers 
may safely leave it out of their calculations. 

Even if the negative potential of the earth is a 
million units (llOO million “volts") as supposed, its 
action upon an olcctrilied body near its surface will be 
excessively small. If this potential were .solely duo to 
the earth’s own charge, that charge would be G x 10*^ 
companies, and this may bo suppf)sod to l)e con- 
centrated at the centre — i.e. at a distance below us of 
6 X 10- cm. Coascqucntly the repulsion exerted ujton 
one company of electrons at the surface will bo 


fix too 

(fix toy 


J X lO’"*'* dynos, 


or about t, ^ th of the normal weight of a milligramme. 

This (piantity is beyond the limit of sensibility of 
our most delicate balances. 

There is, however, a constant streaming of elec- 
tricity up and down through the air, which is greatly 
influenced by the weather, and gives rise to the 
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phenomena of thunderstorms and atmospheric elec- 
tricity in general. Outside the atniosphcre the earth 
behaves as a highly charged body, and discharges of 
its negative electricity become occasionally visible 
about the poles in the .shape of the Aurora.’ The 
conductivity of the air, like that of any other Innly, 
depends solely upon the density and mobility of the 
ions or charged bodio.s contained in it. These ions 
may bo single electrons or positive atoms, or they 
may bo these associated with more or less neutral 
matter. The presence of thc.so ions in the air con- 
stitutes the “ ionisation ” of the atmosphere. There 
can be no discharge without ionisatioa 

This is a fact which has only recently come to 
light. It ha.s been known for a long time that every 
charged body exposed to the air is gradually dis- 
charged. Hut that was attributed to moisture or 
particles of dust, or oven to the charging of air 
molecules. We know now that the discharge takes 
place when both moisture and dust particles are 
rigidly exchulcd, but does not take place if ionisa- 
tion is prevented. If there is ionisation, the amount 
of such ionisation determines the rate at which the 
Iwdy is discharged. 

Now ions may be contained in solids, liquids, or 
ga,ses, and discharge may therefore take place through 
any of those, or even through a vacuum. Hut in the 
case of a vacuum, the ions have to bo provided by 

^ See P. Villard, Com^itee Rentlus^ July 9, 1906. 
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the discharging body itsoK, since the vacuum is 
otherwise a perfect insulator. In other cases, too, 
the discharge has to furnish tho ions as it goes 
along. This is notably the case in tho electric arc 
lamp and the spark discharge, where the air is too 
poor in ions to convoy tho whole discharge. But 
before such a discharge can bo inaugurated, it is 
necessary, as a rule, that a few ions should exist in 
tho medium through which the discharge is to take 
place. If no such ions exist, tho medium i.s a perfect 
insulator. A discharge can only be made to pass 
throtigh by means of a groat force suliicicut to pro- 
ject ions from tho charged bodies, and mechanically 
break down the insulator. 

All those various forms of discharge may ho clsssi- 
iic<l under live heads, .accordingly ns they take place 
through insulators, gases, .solid comluctors, liquid 
conductors, or a vacuum. 

2. Discharge through Insulators. — Insulators are 
substances which contain no roaming electrons. Their 
electrons are firmly bound up with atoms, and tho 
lat-er again are usually bound up together in complex 
molecules. Tho substances are therefore, as a rule, 
chemically inactive: they do not oxidise, and they 
do not dissolve in water. Paraffin, a typical and 
valuable insulator, is named from its lack of chemical 
action (parum ajfiniiatis). And chemical affinity, 
in ail probability, is a matter of detachable electrons 
and nothing else. 
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Whon the electrons of a substance are not detach- 
able from their atoms or molecular groups, they can- 
not easily bo made to enter a metal to neutralise the 
positiro atoms which that metal may contain. And, 
on the other hand, the positive atoms being amply 
provided with electrons, arc not prone to combine 
with electrons from outside. 

Many of the best insulators, like piiraffin, beeswax. 
guttajHjrcha, ebonite, and amber, are highly com- 
plicated carbon compounds. They have no great 
density ; their molecules are not closely packed, and 
their atoms are not heavy. The complex molecular 
aggregations are well separated from each other, and 
the electrons are effectively imprisoned in them. 

If an insulator like benzene, C,H,, is bounded on one 
side by a surface containing a large number of free 
electrons, and on the other side by a surface contain- 
ing a large number of free positive atoms, the electrons 
in the benzene molecules will be wrenched to a greater 
or loss extent out of their position and pulled to- 
wards the positive atoms; whereas the carbon and 
hydrogen atoms, and more especially the latter, will 
be pulled towards the surface containing the excess 
of electrons. If there were any roaming electrons 
in the insulator they would* find their w.ay out, and 
would neutralise the positive atoms wherever they 
encountered them, thus producing a discharge. But 
a good insulator being a substance which contains 
no such roaming electrons, no discharge will take 
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place unless the furce is strong enough to pull the 
electrons out of the benzene raoleculos ami sot them 
a-roaming. When that happens, events will begin 
to march rapidly: electrons will lly towards the 
[x>sitive terminal. They will bo as (jnickly replaced 
by others from the negative teri'-iinal .smfaco. These 
doulde combinations will give rise to a considerable 
commotion, which will break up further molecules 
and imjtart a coniluciivily to the insulator by pro- 
viding it with free electrons and free positive ions. 
In the direct line joining the terminals a rapid 
separation and recombination of ions will occur, 
and will go on at an increasing rate as the conduc- 
tivity of the insulator increases. The heat produced 
will volat ili.so the liquid insulator, and through the 
ionised gas the discharge will pa.ss like an nvalamtho, 
the ions acquiring a velocity growing with the free 
path along which they travel under the impulse of 
the eleetric force. Even when that force is spent, 
the ions will continue to fly on, like a pendulum 
swinging up against gravity, and like it, they will 
return, producing a momentary current in the oppo- 
site direction. This may bo followed by several 
minor oscillation.s, until at last the energy is all 
radiated away into space, and equilibrium is re- 
established. 

Such is the proce.ss which wo wit ness in the elec- 
tric spark, or, on a larger scale, in the lightning- 
flash. If the insulator is a solid, the path of the 
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discharge is marked by a perforation. Gloss, mica, 
ebonite, cardboard may be pierced in this manner. 

It takes seme .‘>0,000 volts (100 electrostatic units 
of potential) to pierce a thickness of 1 mm. of the 
best insulators. This means that the work done 
in passing from the negative to the positive termi- 
nal by t»no company of electrons is 100 ergs. This 
energy is sufficient to produce the necessary num- 
ber «>f ions to keep a further discharge going. 

If the thickness of the insulator is greater, the 
diil'ercnce of potential required is also greater, but 
not in the same pro|)ortion. If D is the thickness 
of dielectric, the nece.ssary dilVcrence of potential 
increases as ^/l)- so long as ttio distance does not 
exceed a few centimetres. It requires oS.OOO volts 
to pierce a plate of mica (a complex silicate of 
.aluminium .and other metals). This great insulat- 
ing power is due not only to the complexity of the 
molecules, but to their segregation in ntimerous 
successive strata. 

3. Dischartjc through Oases . — When a positively 
charged conductor is placed near a negatively 
ch.argcd conductor in air, the opposite charges crowd 
towards the surface facing the other conductor. The 
air produces no ed'cct beyond slightly reducing the 
effective distance between the conductors, which it 
does by the displacement of the charges constituting 
its neutral atoms, the electrons straining towards the 
positive conductor, and the positive atoms straining 
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towards tho n^atiro coaduotor. The superfluous 
electrons in the niotal arc so mu< h entangled wit u 
the molecular aggregates of tho metal that oven 
their mutual repulsion and the attraction of th< 
opposite charges in the positive t.'rininal fail to 
sond them out into the open air. And tho same 
state of things obtains among tho superfluous posi- 
tive atoms in the positive terminal, except that 
they are held even more firmly than tho electrons. 
For actual expulsion, some strong agency is neccs- 
.siiry. Radioactive substances like r.adium and uran- 
ium arc in such a state of unstable equilibrium that 
an atomic catastrophe every now and then sends 
an electron or positive atom flying out into space. 
But ordinary substances require cither a high tom- 
perattiro or ultra-violet light, or tho impact of ions, 
to enable their own ions to ©.scape. It is only under 
exceptional conditions that tho mere pressure of 
similar charges suffices to project some of them 
outside the conductor. 

When, however, the air is ionised, i,e. filled with 
particles each linked with an electron or positive 
atom, those ions beat against tho terminal opposed 
to them in sign, and shake or pull tho opposite 
charge out of tho metal. 

There are a number of ways of ioni.sing air. It 
can be done by simply heating it or illuminating it 
with ultra-violet light, or transmitting Kontgen rays 
or liecquerel rays through it. Tho energy thus 



IHE BLECTTRIC DISCHABOE 


77 


supplied is Gonverted into the potential eneigy of 
ionisation. But since the ions are constantly re- 
combining, the ionisation must be kept up artificially. 

When this is done an electric discharge can take 
place through air, just as through a metallic con- 
ductor — a silent and steady and invisible discharge. 
The only difference is that the fall of potential is 
not uniformly distributed, being more rapid near 
tho terminaLs, where ions of the opposite sign con- 
gregate. Such a discharge is called a “dependent 
discharge," depending a.s it does upon a constant 
supply of external energy for ionisation. 

When, on tho other hand, the discharge furnishes 
its own ions os it goes along, wo have an “ indepen- 
dent discharge." This is done in a variety of ways. 
Tho must familiar example is the electric arc lamp, 
whore the carbon tcnuinals give off vapour of car- 
bon, and furnish tho ultra-violet light necessary for 
its ionisation. 

Another familiar example, and tho oldest known, 
is tho electric spark, and its great natural counter- 
part, tho lightning-dash. Both these are almost 
invariably intermittent, lightning being a quick suc- 
cession of dashes in the same direction, often pre- 
ceded by a feeble pilot discharge which passes from 
one stray ion to another, just as it dnds theni, and 
thus marks out a forked path for the main discharge 
to traverse. 

Tho forms of discharge which allow the greatest 
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insight into the actuiU processes going on are the 
point, brush, and glow discharges, ohieUy in rarofied 
gases. 

A point discharge betwoon a metallic point and 
a ]>late is tlio simplest form of giw-dischargo known. 
Let a sharp point, P, bo placed oppasitc a circular 
plate, AB, in air (Pig. 1 1), Lot the 
point be kept at a negative potential, 
and AB at a po.sitivo potential, 
'fhen when the dilYeronco of })oten- 
lial is .sutiiciont, .say a few hundred 
volts, a glowing .steady spark is .seen 
at the point. This spark really 
consists of two Inmiuous strata 
separated by a narrow dark space. 
A few stray positive aUnjis are re- 
quired to start the discharge. They are attracted 
to the point, near which they find an intouso 
and Concentrated electric force. Their motion 
towaitls the point is constantly accelerated, and 
when they got close up to it, it is sufiicicntly 
rapid to split up the gaseous molecules into ions. 
'I'his splitting up is facilitated by the presence of tlio 
metal, which appears to exert what chemists call a 
“ catalytic ” action. The region whore this splitting 
up takes place is the luminous layer iinrnodiately 
adjoining the point. The electrons liberated by the 
ionisation arc repelled by the point, and fly out into 
the gas. They also are accolcrutod until they re- 
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quire sufficient energy to ionise the gas, and thew 
field of action is marked by the second luminous 
stratum. The dark space between, called the “dark 
cathode space," is the region where both kinds of 
ions are acquiring energy of motion, but not spend- 
ing it, and therefore not producing any luminous 
effects. * 

This double ionisation also goes on when the 
point is positively charged, and the plate negatively. 
Only then the dark space is still smaller. When 
tho difference of potential is very great, the electrons 
from tho negative point fly boyontl tho region of 
ionisation and attack tho gas further towards the 
plate, ionising it freely. This beautiful phenomenon 
is known as the brush discharge. Tesla’s tlamo 
di.schargcs and the discharges obUtiued by means 
of tho Wehnolt iuterruptor, are varieties of it. 

Tho form of discharge showing tho greatest 
variety of phenomena is tho glow discharge, as 
soon in vacuum tubes. It Is this form of discharge, 
indeed, which, after being a great source of per- 
plo.xity, ultimately was instrumental in elucidating 
tho whole realm of electric discharges. Tho reduc- 
tion of tho prcs.su re of tho gas allows freer play to 
the ions. It gives them a greater " free path ” along 
which they can follow tho acceleration of tho electric 
field, and .thereby acquire kinetic energy. Ionisation 
is thus facilitated, and conduotivity more rapidly 
acquired. 
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Tho slow dischargo in a vacuum tul>o consists 
normally of five distinct parts — viz. tho cathode 
layer A, the dark cathode space B, tho negative 
glow C, the intermediate space D, and tho positive 
column E (Fig. 12). Tlie three luminous layers 
(shown dark in tho diagram) are those in which 
ionisation is going on. They are tho scones of 
couHict and collision, whereas tho other spaces arc 
tho scones of free fall along tho linos of electric 
force. At tho cathode Layer A, positive atoms ore 
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ioni.''irig tho gas next the cathode with the help of 
the metal. As in tho (-.a-so of tho point discharge, 
the ions thus formed follow tho electric force, tho 
positive atoms neutralising the free electrons of the 
cathode, and tho electrons traversing the dark 
cathode space to ionise the neutral atoms in tho 
body of tho gas at C. There again, both positive 
atoms and electrons are liberated, and tho latter 
move still farther towards the anode, producing 
further ionisation when they have acquired sufficient 
velocity, and then wo get the positive column E. 
Sometimes it happens that all tho electrons pro< 
ceeding from C have nearly tho same velocity. 
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They then reach ionising speed within nearly the 
same distance, and are stopped at the beginning 
of the positive column. Before they can acquire 
further ionising power, they must traverse another 
dark space, and so on alternately, the final result 
being the “ stratified " positive column, which forms 
such a striking display when the tube is long 
enough. If the tube is shortened, the positive 
column is gradually “ swallowed ” by the anode 
until the discharge resembles the ordinary point 
diseharge. 

The above is a general outline of the main 
phenomena in gaseous discharges. But they ex> 
hibit an almost infinite variety, and still oiler a 
fruitful field of investigation. When tho exhaustion 
of tho vacuum tube is carried to a very high point, 
the phenomena become of profound interest to the 
electron theory. For the electrons projected from 
the cathode play a very prominent, and eventually 
an almost exclusive, part. They proceed in straight 
hues from tho cathode, like rays of light, imd are 
therefore commonly called “cathode rays," It was 
Crookes who first pronounced them to bo a kind 
of matter (“radiant matter"), end wo now know 
that they consist of p.articles about 200,000 times 
smaller than tho ordinary atoms — viz. the electrons 
themselves. But tho positive atoms also take the 
appearance of rays. When tho cathode is per- 
forated, such rays are seen to emerge from the 
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back of it. They have been called “canal rays,” 
but they simply consist of positively charged atoms, 
or atoms or molecular aggregates deprived of 
electrons. 

A noteworthy fact with regard to gas discharges 
is that the amount of electricity p!i.ssing (the 
“ current ”) i.s not nccc.ssarily proportional to the 
dirterenco of potential between the electrodes. It 
dc[)ends upon the ionisation, and that is intluonccd 
and enhanced by the passage of (ho discharge itself, 
owing to collision between the ions. In the tlo- 
pendent di.schargo, again, where tho ionisation is 
provideil by an external agent, tho current can 
never oxcee<l a certain value, fixed by tho iminbor 
of ions supplied. When these arc all engaged in 
conveying the current, a change in the potential 
fails to change the current. There cxi.sts, in fact, 
a “saturation current.” This, as wo shall sec, is 
not the Ciiso in metals. 

Discharge through ilamos is a special form of 
ga.seous discharge, and depends upon tho natural 
ionisation produced by a high temperature. Heat 
also exerts an action upon tho discharge from 
metals. It is found that a hot platinum wire is 
di.scharged more readily than a cold one. A nega- 
tively charged platinum wire is cosiest discharged 
when surrounded by hydrogen; that being a gas 
whose atoms lose their electrons easily. They 
surround the negative wire and pull out its eleo- 
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irons. Whon a hot platinum cylinder is charged 
positively and hydrogen is made to diduse out from 
it, tho hydrogen atoms, with their positive charges, 
rapidly free the cylinder from its positive charge 
by conveying it into the surrounding space. 

4. Discharge through Solid Conductors . — In gases 
at ordinary pressure, or in a partial vacuum, wo have 
to do with molecules posse.s.sing a certain free path, 
which, though very small (about unnnrff cm.), yet 
gives them some little interval of undisturbed 
motion. 

In metals, on the other hand, tho atoms are packed 
close together. How closely may be found by a 
simple calculation os follows. Tho mass of a copper 
atom is 70 x 10 “ grammes. A cubic centimetre of 
copper weighs 8*9 grammes. That cubic centimetre 
therefore contains 0T27 x 10-^ atoms of copper, and 
each atom will havo a volume of 7*9 x 10““ cc. to 
tsclf. If this volume is a small cube, its side will 
be 2 X 10~* cm. This length is just the diameter of 
a molecule of hydrogen, so that if we fill up the 
small cubes with molecules of hydrogen, they will 
just fit tight. How, then, will the copper atoms fit ? 
We do not know the exact size of the atoms of 
copper, but can make a very close guess. We may 
take it that tho diameter of a molecule of copper is 
not more than twice tho diameter of a molecule of 
hydrogen, since wo know that tho mercury molecule 
is not more than 1*7 times os thick. Therefore the 
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copper atom is just about the size of the hydrogen 
molecule, and fits equally tight in the small cube. 

The copper atoms are therefore about as closely 
packed as they will go. Hence copper ctumot bo 
perceptibly compressed. Hut it also explains why 
the loose olectroms attached to the coppci atoms are 
practically free to ^>bcy outside electric forces. For 
they Ciisily get into the neutral zone iHjtwoon noigh- 
b‘)uring p<.>.sitivo ati>ms, anti arc then under the 
influence of the outsitlc force only. This hap|>ous, 
according to J. J. Thtuuson, about 40 million times 
per second to each electron. (In bismuth, at all 
events.) As a consequence, the whole of the loose 
electrons in a metal (I mean those electrons which 
can enter or leave tho atom without producing a 
charge suflicient to stop tho process) are every now 
and then set free to t>boy external electric forces. 
Tficir motion undi'r the injiuence of those forces con- 
stitutes metallic conduction. Front this sunple fact 
the most important laws of metallic conduction may 
be immediately deduced. 

Schuster^ has estimated that a metal contains 
from one to three mobile electrons for each atom. 
Copper contains about throe mobile electrons for 
every two atoms. We must therefore imagine these 
electrons darting in and out among tho atoms, and 
ready to obey tho pull of an eloctrio force whenever 
they happen to bo free, which happens millions of 
‘ A. Sebnster, Phil. Magazine, Feb. 1904. 
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times per second. The path of fi«edom increases as 
the metal cools and the atoms arrange themselves 
in larger aggregations. Hence the electrons in cold 
metals follow the electric force more readily than in 
hot metals. 

Now it may be asked whether the atoms themselves 
do not also obey electric forces. The answer is that 
they do so when they are linked to either more or 
loss electrons than they contain in the neutral state. 
If linked to more electrons, they have a negative 
charge ; if to leas, they have a positive charge. In 
the former ca.so they tend to go the same way as the 
electrons, while in the latter case they tend to move 
in the opposite direction. But, being about a hundred 
thousand times more bulky than the electrons, they 
make little headway, and, except in extreme cases, 
their motion may be neglected, and wo m.ay tako it 
that the electrons alone obey the pull of the electric 
force — i.e. that it is they alone who form iho " electric 
current ’’ in metals. But it is evident that they move 
from tho negative to the positive sido, and, therefore, 
in the direction oppo.sito to that in which an " electric 
current” has hitherto been supposed to flow. This 
fact constitutes a serious difficulty in the present 
state of transition of electrical terms. Wo cannot 
hope that people will at once revise all their elec- 
trical term.s, and reverse all their previous notions. 
The textbooks alono would prevent that. It is, there- 
fore, imperative that we should use a term which 
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cannot possibly inislead any one. For this piirposo 
I propose to use the term • electron current’' for tho 
movement of electrons. Whenever I speak of “ the 
current” pure and simple, I shall mean the move- 
ment of electric obaigos without reference to their 
direction. 'When the direction from positive to nega- 
tive Is to be understood, 1 shall speak of the “ positive 
current.” 

When the current is not conveyed by isolated 
electrons, but by “ions” — i.e. larger aggregates t)f 
atoms containing a positive or negative charge— 
there are two real displacements in opposite direc- 
tions, as in electrolysis. It will then bo oxjKjdieut 
to talk of a *• positive current,” denoting tho How of 
positively chaigeJ matter, and a “ negative current," 
to denote the flow of negatively charged matter. 
Tho total current Is tho .sum of the two. 

Having settled these important matters of termin- 
ology, wo may now proceed to unravel the mysteries 
of tho electron current in metals. 

To simplify matters, wo will take, as before, two 
infinite parallel plates, AC, BD, 1 cm. apart, and 
having a difference of potential such that it takes 
1 " erg ” of work ( = rsWvrnnr foot-pound) to move 
one company or electrostatic unit of electrons from 
the positive to the negative plate. This is tho elec- 
trostatic unit of difference of potential. It can be ob- 
tained practically by connecting the two plates with 
the terminals of a battery of some 800 Daniell cella 
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Now 1< t a cube of 1 cm. side, consisting of copper, 
be inserted between the plates, and touch both of 
them. Whut will hap])en ? 

Obvioasly, the two quadrillion mobile electrons 
contained in the cubic centimetre of copper will 
be set in motion towards the positive plate. 

If they could fall freely along the lines of 
force, they would arrive at the positive plate 
with a velocity of 10* cm. per second, since 
the comparatively large force of 1 dyne acts 


A 8 


C D 

FIG. 13. 


through 1 cm. on the insignificant mass 
of each company of electrons (l’T8xlO~>* 
grammes). Each company which falls 
through the whole centimetre acquires 1 
erg of energy; but as, on the average, the 
electrons only fall through half that distance, 
we get the energy acquired by the total electrons 
in the copper in falling on to the positive plate 
by multi]>lying the number of companies by half 
an erg. This number of companies is G‘5 x lu'*, so 
that the energy acquired by them in falling on to 
tho positive plate is 325 billion ergs — a quantity 
sulliciont to evaporate several hundred pounds 
of water. Since this process would only take 
l’9xl0“® of a second, and a further supply of elec- 
trons from the negative plate would be ready to 
repeat it, it may be realised what an enormous 
evolution of energy would bo going on between the 
plates if the free path of each electron wore 1 cm.. 
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in Other words, if the conductivity of the copper wore 
practically infinite. 

But, as a matter of fact, that is not the ease. 
There arc two factors which hinder a free discharge. 
In the first place, the electrons are every now and 
then encountering the closely packed neutnal copper 
atoms, and colliding with them. When an electron 
is suddenly stopped like that, it cannot rebound with- 
out loss of energy, as a perfectly ola.stic or a per- 
fectly hard ball would from another. Ah wo shall seo 
later on, the acceleration or retardation of olectnms 
is attcnde<l by radiation, .and radiation moans los.«» of 
oneiyy. A well-known example of such radiation 
arc the KOntgon rays, which arc wave -pulses sent 
out into the ether when a cathode particle, fliits an 
electron, strikes an olnsUaclc. 

Considering h<tw closely the atoms are packed, wo 
m.ay take it that an electron lo.sos nearly the whole 
of its energy by r.adiation whenever it collides with 
a neutral atom. If it has any to spare, it will revolve 
round the atom and radiate out its spare energy in 
doing so. 

Another factor which hinders the free di.scharge 
of electrons is this binding together of a j)o.silivo 
atom and an electron until a collision sots it free. 
It has been estimated that for every .HOGO electrons 
thus temporarily bound, there is only one electron 
free to roam at any given instant of time. We can- 
not therefore count upon more than of the 
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total number of mobile electrons to take part in 
metallic conduction at any given instant 
We have estimated the total mobile electrons in 
the cubic centimetre of copper at 1'9 quadrillion. 
Of these, 880 trillion will therefore be available for 
conduction at any given time. Since successive 
copper atoms will be on the average 2xl0~® cm. 
apart, we may suppose that each electron is stopped 
every time it has gone that distance. What time 
will it require to cover the one centimetre distance 
between the plates ? 

It can bo e.asily .shown that the time will bo in- 
creased in proportion to the square root of the 
number of stoppages. For by a well-known law 
of falling bodies 



Thus, if there are four compartments, 8=1, and 
so that the total time is 4 x 1 = 2. 

Now, there are 0*5x10* such “compartments” in 
our case, so that the time will bo incrcfascd. 

v/O^x lO* timo8=0(l X 10*=7100. 

The time required for falling free having been 
1*9x10“® second, the time required by the elec- 
tron for throivding its w.ay through the cupper 
will bo 

7000 X 1-9 X 10-®=- 1*35 x 10-» second. 

In that short time the whole of the freely moving 
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electrons, SSO trillion in uuinbor. will have pa )sod out 
of the copper into the positive piato, and their places 
will have been token by reinforcements from the 
negative plate. In one second no less than 

380 trillion 
1-35x10 * 

electrons will pass through any croas-soction of the 
conductor. This is the electron current. It is 
equal in electrie ijuaulity to the onlinary or {v».si- 
live • current ” but of op}H).sito sign. In practical 
measure it coine.s to about ;t, DUO, Out) amprres, a 
current of -such intensity that it would melt 
and evaporate the copper in a fraction of a 
.secon<l.' 

The property wliorcby a conductor alaorbs the 
kinetic energy of the electrons and converts it into 
heat is called the ‘ re.sisiance ” of the conductor. 

Tlie current, or current strength, is measured by 
the number of olectron.s passing any section of the 
conductcjr in unit time. 

We might define unit current as the passage of 
one company of electrons per second aert>88 any sec- 
tion of the conductor. But such a current would bo 
exceedingly small, and could hardly bo measured by 
the ordinary instrumonts. It is usual to moosuro 
currents by “amperes,” or “coulombs” por second. 

1 The current calculated from the obHerved reiistance is 188 
million amperes, fio that the electrons are not stopped quite so 
often as abo?e supposed. 
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One coulomb consists of 3 x 10* companies, or 
8’7 X 101® electrons. In accordance with the prin- 
ciple of emphasising the atomic nature of elec- 
tricity, 1 shall call the “coulomb” an “army” of 
electrons (or positive atoms), and we shall know 
that this army consists of 8*79 trillion men and may 
be divided into 3000 million companies. 

When one army of electrons passes across any 
section of a conductor in one second, that conductor 
is conveying unit current, or one “ ampere.” 

The amount of electricity passing every section 
must obviously be the same. For if more electricity 
entered by one section than what issued by the other 
the metal between the two sections would be accumu- 
lating electricity, and such accumulation would be 
rapidly cleared away by the mutual repulsion of the 
charges. 

The amounts of electricity dealt with in metallic 
conduction are much larger than those wo have to 
do with in electrostatic charges. In these, as we 
have seen, it is not practicable to have more than 
one-millionth of the total electricity in the shape of 
free charges. But within the uncharged metal, every 
free electron is compensated by a positive atom, and 
is free to move, although it does nut form an electro- 
static charge measurable outside. 

Wo will now proceed to coasider the current under 
various circumstances. 

Suppose that in the case of the copper cube the 
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current is roiluceil li'OU tiinos. That will iikwi that 
only one- thousandth (d" the oloctrons will reach the 
po.siti\o plate per sec md. Ihtt it \\ill also moan 
that the avor.n,'o steady velocity of each electron 
— in fact the rate at which it does its work in 
overcoming the resistance of the conductor — is 
reduced in the same proportion. In any clement 
of volume of the conductor, the rate at which 
energy is converted into heat will bo reduced in 
the projiortion of 1 : 1000*, or 1 : a million. And 
in general, the heat evolved per unit volume in 
unit time UjiroportumnL to the sqiuirr of the current. 
(Joule’s Law.) 

If, on the other hand, we rodtico the difference of 
potential lK3twoen the plate.s to mVoth of its former 
value, we reduce the force acting ui)<)n the electrons 
in the same proportion, and their steady average 
velocity and rate of w'ork wdll be roduccfl to ^o’-ioth. 
For every thousand electrons which formerly pfi.s.sn<l 
a cros.s-,sc( ti<tn, only one electron will pa.ss now. The 
current, therefore, is proinyrlional tn the dijferince 
of polenti.ol at the ends of the conductor. (Ohm'.s 
Law.) 

Now, instead of one Cfjpper cuhe, lot there ho two. 
Then, since the plates arc 8uppo.scd to bo intinito, 
and contain a supply of cloctron.s and positive atoms 
equal to any demand, there will ho two cqtial currents, 
and the total current will be twice what it was before. 
Following up this argument, we see that the current 
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is jn-oji'/rtional to the aectional area of the con- 
ductor. 

Next, lot the two copper cubes bo arranged one be- 
hind the other (Fig. 14), so that tho current 
has to traverse both in succession, and lot ^ ’ 

tho dilTerence of potential bo tho same as 
before. To secure this, we shall have to 
reduce tho surface density of electricity on . 
the plates to one-half, and therefore the 
force will be halved, and also the steady 
velocity of the electrons. Hcncc the 
current itself will be half its former value, 
and if we increased the length of con- ® ** 

ductor n times, we should also reduce the yju, i*. 
current n times. Therefore the current 
is inversely itr&portiornaX to the length of the con- 
ductor, other circumstances being equal, a c 

If, while keeping tho plates tho same 
distance apart wo connected them by a 
slanting conductor (Fig. 15), wo should re- 
duce the ed'ectivo force on the electrons in 
tho same proportion as we increased tho 
length of tho conductor, and should, 
therefore, also reduce the current in tho 
same proportion, so that in this cose also 
tho current is inversely proportional to 
the length of tho conductor. 

Tho geometrical shape of tho conductor is, how- 
ever, not the only factor which inlluonccs the current. 
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li‘ iron wore substituted for ft copper roil of i ho same 
dimensions, iho current would fall to one ixth its 
former value. The property whereby one metal 
conduct.s electricity better than anuther is called 
its (spociHc) conductivity. Its reciprocal is called 
its “resistivity,” or spocitic resistance. The actual 
resistance of a metallic rod of uniform section may 
be arrived at by multiplying its resistivity by its 
length and dividing by its sectional area. 

The resistance of a body may bo measured by the 
amount of energy transformed into heat by a current 
of one ampere passing through it for one second. 
A piece of iron develops six times as much heat 
as a piece of copper. Thu resi.ilanco of an iron 
wire 1 cm. long is, therefore, equivalent to that of a 
copper wire of the same thickness, but 0 cm. lojig. 
Therefore, if we have an iron wire and a coj)pcr wire, 
each 1 cm. long, attached end to end, and conduct 
the current through both, wo got the same result as 
if we passed the current through a copper wire 7 cm. 
long. In other words, the resistance of two suc- 
cessive conductors is equal to the sum of the 
resistances of the conductors taken separately, and 
the current acts accordingly. 

Wo are now in a position to fully formulate Ohm’s 
law. If a dilTcrence of potential is maintained at the 
ends of a conductor, or system of successive con- 
ductors, the current through the conductor or the 
system is proportional to the difference of potential, 
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and inversely prnijortioual to the resistance between 
the ends, 

Sucli a law as the above docs not, of course, hold 
good unless tho nuiuber of carriora of electricity is 
a constant quantity. In gaseous dischaiges, as we 
have seen, ionisation is continually going on, and the 
current often increase much more rapidly than the 
difference of potential. In metals the detachable 
electrons are all available for conduction, although 
a large proportion of them are temporarily bound up 
with atoms at any given instant. An increase of 
tho difference of potential dues nut affect the ionis- 
ation in metals, since in them ionisation is final in 
tho natural stale. 

When a current flows into a branched conductor, 
the current flowing towards tlie point of division 
must bo equal to tho sum of tho currents flowing 
away from it. For otherwise there would l>e an 
accumulation of cither electrons or positive atoms 
at tho junction. When any number of con- 
ductors meet at tho same point, tho sum of the 
currents towards tho point is equal to tho sum of 
tho currents from tho point. This rule is known as 
Kirchholfs first law. 

Tho current is scon to bohavo like an incompres- 
sible fluid. As a matter of fact, electricity is a fluid, 
and, indeed, a gas, possessing a pressure of several 
thousand atmospheres in most metals, and having 
the same temperature as its surroundings. What 



96 


THE ELECrnON THEORY 


distinguishes it from onliuary gases is the enormous 
expansive force it possesses apart from its tempera- 
ture. Ordinary gases, when deprived of all heat, are 
at the same time deprived of all expansive force 
But the electric gas. made up of electrons, has an 
enormous explosive power, oven at the absolute zero 
of teinjKsraturo. Nor is eloctricily, regarded as a 
tluid, really incompressible. It can bo compre.s.scd 
to the extent of about a millionth, a.s is done in 
charging a conductor with a high negative charge. 
But that is the utmost limit to which we can push 
the comprc.siou, and in ordinary apparatus that 
would bo inappreciable. 

In the imaginary experiments tlescribcd above, I 
have said nothing abottt the manner in which the 
infinite plates ABand Cl) may 
p n have been charged, because 

that doc.s not ailect the result. 

/ \ But any electrostatic inachiuo 

/ ^ capable of supplying the ro- 
ll I (juirod number of electrons and 

u positive atoms may take the 
place of the infinite plates. IjOt 
such a machine supply the 
small plate N with sufficient 
electrons to keep it at a (negative) pototitial of one 
volt, and lot the machine at the same time with- 
draw a corresponding number of electrons from M, 
so as to keep M at the potential of the earth ; then 
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the inacbiuc will bo duiug a certain amount of work 
on the negative electrons to take them from M to 
N. That work will be ono erg for every “array” or 
“coulomb” of electrons; it is called the “electro- 
motive force ” (E.M.F.) * of the electric machine. 

When the work is dune without loss between M 
and N, the E.M.F. is simply the resulting difference 
of potential between M and N, for it represents the 
amount of energy that can be obtained per unit of 
eleetricity out of the wire in the shape of heat. But 
when the electric machine works in such a manner 
that not all its work is transformed into potential 
energy, but some of it lost in overcoming a resist- 
ance, the current is reduced in proportion to this 
additional resistance, and the extra work is deducted 
from the difference of potential available at the ter- 
minals M and N. The electromotive force of the 
machine is thou no longer equal to the difference 
of potential between the terminals M and N, but 
larger. 

Ohm’s law also covers this case of what is called 
“ internal resistance.” For it states that the current 
is in all cases proportional to the total E.M.F. (whether 
due to ono machine or several in series), and inversely 
proportional to the total resistance. 

An apparatus like the above, consisting of an 

^ The term electromotive force is anfortuuate. It is not a force, 
and it is not work, but work per quantity of electricity. Other 
terms sometimes used, like tension or pressure, are equally unfor- 
tunate. We still await a satisfactory word. 

Q 
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oloctric machine or other eleetromolive iiofiicv and 
a comluetor joining ils tonuiitnls, is called an “clic- 
tric circuit.” Since oloctricily can neither Ihj created 
nor destroyed, there must in the end bo a circulation 
of electricity, and if there is a continuous flow such 
a flow must ultimately constitute a circuit. 

The current in a circuit can, by means of Ohm’s 
law, Ivo calculated in a simple manner. The E.M.F. 
i.s measured in volts, each of which is of an 
electrostatic unit of difl'erenco of ])otontinl (1 orj» |)cr 
company). Tho current is moasiircd in amperes, or 
coulomhs j>or second. Uosistanco is measured hy a 
unit called the ‘ ohm,” which is the rcsi.staiico of a 
thread of pure tucrcury 1 .sq. mm. in sectional area 
and luO;; mm. lonj,'. Tho rcsi.stance of any other 
condnetor may ho calculated from ils dimen.sioiis and 
it.s rcsi.stivily. That heinffdonc, wo obtain the current 
hy the ecpiation — 

. . . K.M F. in vm|( s 

1. uiiLiil in ainjH run - . . » 

ruftidlancu in ohnnt 


5. Dif^cJuirtje (hroxujh Liquids — KUctrulysis, — Wo 
have now to consider the case whore tho metallic 
circuit containing tho current-yielding electric 
machine is broken at one point, and a liquid is 
interposed in tho gap. If the circuit consists of 
one metal only, and but one liquid is introduced, 
two things may happen: (a) no current passes; 
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or (h) a curront passes. The former alternative 
happens when the litjuid is an insulator, like oil. 
The latter happens when the liquid coutaias ions. 

Pure water contains practieallj no ions at all, 
and is therefore a nearly perfect insulator. But 
it has a remarkably high power of splitting up 
the molecules of other substances into ions. Thus, 
if it contains a drop of hydrochloric acid (UCl), it 
splits up nearly every molecule of the acid into 
ions; these being atoms of hydrogen and atoms 
of chlorine respectively. To put it more precisely, 
if water contains 0'00;30 per cent, of hydrochloric 
acid, then 90 per cent, of all the acid molecules 
will bo .split up (or “dissociated” or “ionised”) 
into H and Cl, and the remaining 1 j)er cent, will 
bo prasent its IlCl. This hypothesis, which is 
greatly at variance with the old chemical views 
of the constitution of a diluto acid, is called the 
“ ionic ” or “ dissociation ’’ hypothesis, and has 
been elaborated chiefly by the celebrated Swedish 
physicist Arrhenius, It was this hypothesis which 
first utilised the conception of an atomic structure 
of electricity, as suggested by Faraday's laws of 
electrolysis. 

It must not bo concluded from the percentage of 
undissociatod acid that the dissociation is absolutely 
permanent; for tho ions of opposite sign attract 
each other with a force amounting to (;3"4 x 10**'')® 
dynes when at a distance of 1 cm. apart and it 
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must happen that they occasionally meet and 
coalesce, in spite of the viscous resistance of the 
intervening water, and tho peculiar efTectivencss of 
tho water molecules in splitting up molecules of 
other bodies. With a solution os dilute as we 
have above supposed, there are sonic 50,0(10 mole- 
cules of water to every molecule of hydrochloric 
acid, and such is the ilissocialing power possessed 
by this quantity of water that oidy oiio molecule 
UCl out of a huiulrod escapes dissociation. If, there- 
fore, two ions of tho acid consisting of hydrogen 
atoms which have lost one electron, and chlorine 
atoms which have gainctl one cloclrun, should 
happen to meet and coalesce, they wotild again bo 
dissociated before long. Wo may suppose that all the 
ions do meet and combine, but that for every second 
they sjieud in combination tlioy spend (»no wiinute 
ami ihirly-niiio seconds in separation, so that, on 
the whole, there are always ninety-nine out of every 
hundred of them dissociated. 

This state of things is radically dilToront from tho 
case of a inotal, where, as wo have seen in tho case 
of copper, each electron is combined with a positive 
atom about 5000 times longer than the time it 
spends flying free. From this we might at first 
sight conclude that tho conductivity of copper was 
5000 times loss than that of a dilute solution of 
hydrochloric acid; but that conclusion would bo 
quite unjustified. In tho first place, it must be 
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remembered that conduction in copper is due, not 
to charged atoms, but to free electrons, which, are 
a hundred-thousand times smaller, and therefore 
very much more mobile than chaiged atoma Not 
only are they smaller in size, but the mass of an 
electron is also about a thousand times smaller than 
that of a hydrogen atom, so that the same force 
produces in it a thousand times more of an accelera- 
tion than in the hydrogen atom. An E.M.F. which 
in a metal would mako the electrons move with a 
steady velocity of something like a kilometre pc-r 
second, would only suffice to impart a 
velocity of cm, per second to the hydro- 
gen ions in an aqueous solution. Since 
the value of the charge is tho same in both 
cases, tho current.^ will diller enormously 
in strength, tho copper evincing by far the 
greater conductivity. 

We may now proceed to consider in de- 
tail tho behaviour of a cu1h> of a dilute 
solution of hydrochloric acid with a .side 
1 cm. long, intro<,lucod betw’oon two infinite 
conducting plates kept at a diifcrenco 
of potential of 1 volt (=bov electrostatic 
unit). 

Its weight may bo put down as one gramme, being 
nearly tho .same as water. As regards its molecular 
structuro, it consists of w.ater molecules, H^O, dis- 
sociated water molecules, H+liO, dissociated mole- 
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cules of hydrochloric acid. H+L'l, and undissociated 
molecules of the samo. HCi. if the conccnlralion 
of llCl is one-thousandth “grammo-iuoloeulo” per 
litre,' or one-thousandth of (ho “iKmiul” conoen- 
tralu>n, the percontaoo of 1101 in solution will he 
O'OOdOS. \Vc may then put down the following 
census of molecules and ions containetl in the cuhic 


Centimetre of solution: — 

NfUti-il 111' «»t‘ water IKO • . • • fi 

Tnl.ll Illnlrrllli-! (if acril 1 \S 1 X H)*"* 

t)l the.^e ...... 

Of tiu'-i* IICI 

Dis-'xiati 'l luttltM ule?! (if watei ll -i-IiO . . 


Of these Constituents, only the dissociated ions 
pl.ay any part in the conduction of electricity, and 
of these there are IS.OUU derived from the aci«l for 
one derived from water. Hence we are practically 
reduced to the hydrogen and chlorine ions if wo 
wish to conduct electricity through the solution. 

These must bo present in equal numbers, as 
otherwise the solution would have a charge. Thus, 
if there were 1,0U0,001 hydrogen ion.s for every 
1,000,000 chlorine ions, the solution could have a 
positive charge equivalent to 310 companies, which 
would charge it to a potential of over 100,000 volts. 

1 A .solution i.s said to contain one p^ramnio-molccnlc per litre if 
it contains M grarnnies per litre, M hvUifr the molecular weight of 
the substance. That of HCI being TIC'S 1 -.'Ifi C, the weight in one 
litre of water must be iUJ'C grammes to give a “normal'’ solution 
of one gramm(*-rnolcculc. The water weigiiing lOUO grammes, the 
percentage is 3*05. 
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Of tho l‘8x 10”* ions of hydrogen and chlorine, we 
must have, therefore, 0'9 x 10* hydrogen ions, and 
the same number of chlorine ions. Each of the 
former has a positive charge equal to that of one 
positive atom, and each of tho chlorine ions has a 
negative charge equal to that of one electron. The 
simple hydrogen ion i.s a positive atom — i.e. an atom 
deprived of one electron. Tho simple chlorine ion 
is a “ negative atom ’’ — 1 >. an atom provided with 
an o-xtra electron. But these charged atoms do not 
travel singly through tho water. Their motiou.s 
under tho inlluenco of electric force are so slow 
that tho only plau.siblo explanation seem.s to bo that 
they are bound np with a number of neutral water 
molecules which act as a drag, .and hinder their 
progress through the water. They are, so to speak, 
“hydrated.” and tho chlorine atum.s are hydrated 
four or five times more heavily than the hydrogen 
atoms, and are therefore four or live times .slower. 
If this were not so, it would 1)0 impossible to account 
for tho slowno.s.s of the ions, for the water molecules 
are twice as loo.sely packed as tho atoms in the 
copper. There is plenty of room between them, 
and hydrogen atoms, though so much laiger than 
electrons, would have a rca.sonably long free path 
if they travelled singly. As it is, tho hydrogen ions 
are tho fastest of all ions known, tho next being 
tho ions of tho combination HO, which, however, 
are onl}' half as fast. Tho mobility of these main 
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constituents of water accounts for many of those 
characteristic qualities which make it the mtun 
vehicle of the processes of life. 

Whatever the amount of hydration may be — anti 
its absolute amount is dilHoult to calculate — it is a 
constant quantity for the same ion at the same 
temperature, whatever the chemical Ijtnly from 
which it may be derived. The ‘‘mobility” of the 
ion is always the .same at a given temperature. It 
is measured by the steady velocity it act^uires under 
the inllucnce of a “ field ’’ of one volt per centi- 
metre — i.^. an electric field of force in which the 
potential varies by one volt for every centimetre 
travelled in the direction of the force. 

Arrhenius, in his “Textbook of Eloctrochomislry,” 
gives the following table of absolute velocities of the 
most commonly occurring ions at a temperature of 
IS’, under the influence of a fall of potential of 
1 volt i)or Centimetre: — 

Cations. Anions. 


H . . . 

.3250 X 10-« 

Oil . . . 

1780 

K . . . 

070 


Cl . . . 

G7H 

Na . . . 

451 

tt 

I . . . . 

G85 

Li . . . 

347 

» 

NO, . . . 

OU) 

Nil, . . 

oco 


CllaOO, . 

350 

Ag. . . 

570 

»» 

C.H^COa . 

320 


Tho “ cations ” are those ions which take a positive 
charge (i.c. lose one electron) and wander to tho 
cathode or negative plate. The “ anions ” are those 
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which take a negative charge — i.e. an extra electron 
— and wander to the anode or positive plate. 

“ From these data/* proceeds Arrhenius, “ we can 
calculate the mechanical force necessary to drive 
a gramme-ion' through the water with a cert^ 
velocity. The volt is so defined that the work 10^ 
ergs is required to transport 1 coulomb against this 
potential difibrence. Inversely, if the fall of poten- 
tial Ls 1 volt per contiuictre, then 10' dyne-ems. 
(ergs) are required to transport 1 coulomb through 
1 cm. against this fall — i.e. the force neces.sary for 
1 coulomb is 10* dynes = 10'18 kilogrammes. The 
force required for a grainme-ion chargoil with 0C,r>00 
coulombs against the .same fall of potential is there- 
fore 

‘JC,.'>»X)x 1 O' 18 =933,000 kilogiainmes. 


This force drives a gramme-ion of hydrogen with 
a velocity 1525 x 10-* cm. per second. The force 
required in order that the velocity may be 1 cm. 

per second must bo times greater — i.e. it must 
be 

083,000x10* „na i t 
— =302 X 10* kilograminea 

The following table gives the force in million 

* A gramme-ion containa aa m-nny grammes of the substance as 
its simple ion is heavier than an atuiii of hyilro^ren. In other 
words, it consists always of 0*9 quadrillion iuns. 
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kilogrammes required to drive 1 grammo-ion through 
water at 18’ with a velocity of 1 cm. per second : — 


K . . 

. 1167 

Cl . . . 

i4r)0 

Xa . 


I . . . 

1435 

Li . . 


NO, . . 

1536 

. 


on . . 

552 

II . . 


OlljOO.^ . 

•jslO 


. 17lV> 


3110 


■ From ilu-so uuml'crs it can be seen wluit enor- 
mous mechanical forces are najuirod to move the 
ions through the solvent with lUi appreciable v»;looity. 
As the tcinjierature rises, these values, which are a 
measure of the friction, decrease in about the same 
ratio as that in which the mobilities of the ions 
increase — i.>. for most ions about 2-r) per cent, per 
<lcgrcc. 

‘ The electrolytic friction of the ions is greater in 
other Solvents than in water. The addition of a 
very small quantity of another non-conductor to 
the water appreciably increases the friction of the 
ions, and conseciuontly diminishes the conductivity 
of the solution, just as the internal friction of the 
liquid is altered by a similar addition. Tiio action 
of foreign substances on the internal friction runs 
alino.st parallel with that on the electrolytic friction. 
Thus I havo found that the addition of 1 per cent, 
by volume of alcohol, other, acetone, or cane sugar 
raises the internal friction, and the electrolytic fric- 
tion of the commonly occurring ions at 25“ by the 
amounts quoted. If greater quantities be added 
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there is a proportional increase in the electrolytic 
friction; but also a diminution of the degree of 
dissociation of the electrolyte, particularly if a con- 
centrated solution of this is used.” 

These remarks of the groat Swede show that the 
two factors which determine conductivity — viz. den- 
sity of ions and mobility — may both be affected by 
substances which increase the viscosity of tho solu- 
tion. hut as long as these are absent, we may 
rely u|Km tho constancy of th.at mo.st important 
factor, tho mobility of the individual ion. 

That being so, wo may proceed to calculate the 
elect ric current which will traverse tho cubic centi- 
metre of dilute solution we arc contemplating. This 
current coiusists of two streams of elcctriiied matter. 
One of those is the procession of positive H ions 
towards tho cathode, aiul tho other is tho proces.sion 
of negative ('I ions towards tho anode. If we make 
any section atums the lines of How, a certain num- 
ber of H ions will pass that section in one direction 
every second, and a certain number — a smaller 
number — of Cl ions will pa-^s it in tho other direc- 
tion. Tho sum of these two numbers is tho electric 
c.tirrent. 

The two processions result in an accumulation of 
H atoms at tho cathode, and of Cl atoms at the 
anode. But for tho first second of time, at all 
events, this accumulation will be small, and may 
be neglooted, as also may be the emptying of the 
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neighbourhood of tho anode as regards 11 aton i. 
For the first stages wo may suppost tho whole of tl j 
ions to bo iii motion. 

The tot.al number of H ii>ns being ODx 10**, ami 
their mobility 0 O0.'12r>, tho projMjrtion of them which 
traverses any section will be 0*0 x 10**x 0-00"2o per 
second, or 2 77 x 10'" ions per .secoml. Since 1 
ampt^ro is a current of .•^•79x10''' cltiClnms j*cr 
second, tho above current is C([uivalent to "‘l.o x 10 ^ 
ampt-ro. Tliis then i.s the posilivo current. 'I’he 
negative current consists of chlorine ions, O’OxlO'*’ 
in number, and having a mobility of O OiUMlS cm. per 
see. The current duo to them in, therefore, b‘9 x 10*'* 
X O'OOOC.S electrons, or 0‘G1 x 10* '‘electrons ])er second, 
which amounts to O’GOx 19 * ampiVc. 

Hence we have as a net result : — 

Pii-sitivo current . . S'l-O x lO-'i anip'-ro 

Negative current . . 0 09x lo*' nmi» re 

Total current . . .3'84x 10 * ampt-ro 

or about one-third of a milliamp^ro. 

This calculation is fully confirmed by experiment, 
and affords a very striking example of how tho atomic 
theory of electricity may be applied to obtain a clear 
insight into what actually happens in an electrolytic 
cell. The clearness of tho theory in this connection 
is due to tho very definite data which are available 
concerning the number of dissociated ions in solution. 
This knowledge is by no means so precise in tho case 
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of cither metals or gases, and vre cannot, therefore, 
make similarly precise calculations for these. From 
the electrical point of view, the dilute solution is the 
best known of all substances. 

The above calculation also gives us the resistance, 
the resistivity, the conductivity ( ‘conductaucc") and 
specific conductivity of the solution. 

A Isidy is s.ai<l to have a resistance of one ohm if 
an E.M.F. of ono volt applied to its terminals pro- 
duces in it a current of one ainpCTe. The current in 
our case being only o‘84 x 10"^ ampt-re, the resist- 
ance is correspondingly greater, and amounts to 

= 2000 ohms. This is also the resistivity or s{)ocitic 
resistance of the electrolyte, since that is defined as 
the resistance of 1 cm. cube. The conductivity is 
the reciprocal of this, or <>'84 x 10'*. 

If, now, wo increase the concentration of the solution, 
we also increase its conductivity, since more ions will 
be added to it. But the increase will not be in propor- 
tion to the concentration, as less and loss ions will be 
dissociated. With ono gramme-molecule of HGl j)cr 
litre, the degree of dissociation will only be 59 per 
cent, instead of 99 as before. There will bo 1000 times 
as many moleoulos, but the conductivity will only l>e 
increased in the proportion of 59,000 : 99 or 596 : 1. 
It will thus bo 59r)x3‘84xl0‘* or 0'22, so that the 
current passing will bo about ono-iifth of an ampere. 

Our attention is next claimed by what happens at 
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the electrodes. The H atoms arriN * at the ncffati' ) 
plate, which coutairis a vast nun or of eloctroi ; 
ready to pass out of the utetal into tlio solutio. 
on the slij'htest provocation. Sucli provocation is 
supplietl by the H ions, which, havinj' lost un ulcctrou 
each, arc positively charsjCHl, and ati ract electrons out 
of the metal. When this takes jdaco the jxtsitivo 
atom of hydrogen becomes a neutral atom. It im- 
mediately disengages itself from the embrace of the 
water moKcules which have elung to it during its 
charged state, attracted by some as yet mysterious 
force, and becomes an ordinary gas. As it accuiim- 
lates, its pressure becomes such tluit the water can 
no longer hold it in solution, and it escapes from the 
water in the .shape of bubbles. 

At the anode the converse process hajtpens mean- 
while. The chlorine ion, having an electron to spare, 
lets it pass into the positively charged ])late, which is 
poor in electrons, and the chlorine atom becomes un 
ortlinarily neutral atom of cbloriiic gas. lint since 
water can dis.solvo a great deal more chlorine than 
hydrogen, the chlorine remains in solution, and 
gradually diffuses from the anode towards the 
cathode. In any case, we get an evolution of 
hydrogen at the cathode, and chlorine at the anode. 
The original hydrochloric acid Is decomposed into its 
constituents by this process of “ eloctrolysis." 

Faraday’s “First Law of Electrolysis,” maintains 
that tJie quantity of mbatance decomposed ia pro- 
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portioned to tfee quantity of electricity passing 
thntugh. That this must be so is immediately 
evident from the nature of the process as above ex- 
plained. Wo must l>car in mind that dissociation 
luid deconi{Hi.sition arc not the same thin^. The 
former gives us eliarged ions, the latter gives us 
neutral atoms and molecules. Every ion, having a 
definite charge of one electron, or the lack of it, 
must either receive an electron from the eatluKlc 
or give it up to the anode before it can bcoumo a 
neutral atom. Both processes involve a ptissing of 
an electron in the same direction, and therefore a 
definite “(nianlily of electricity pa.s.sing through.” 
Thus Farai lay’s First Law is self-evident in the 
electron theory. 

Wo have hitherto only dealt with hydrochloric 
acid, which presents a very simple case of electro- 
lysis. Other cases are not so simple. Take the c:ise 
of zinc chloride, ZnCl.>. Hero wo have a molecule 
consisting of throe atoms instead of two. When 
that hoconios dissociated, o;vch of the two chlorine 
atoms will take away an electron from the common 
stock, and leave the Zn with two vacancies. Each 
zinc atom will therefore require two electrons to 
neutralise it, and the number of zinc atoms produced 
will be one-half the number of hydrogen atoms which 
would bo produced by the same current. The power 
possessed by an atom of combining with one. two, 
throe, or more simple atoms like those of hydrogen 
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or chlorine is called the " valency " of the atom. In 
the citse of a inotiil. it is measured by the number of 
electrons it is capable of giving up, or, in other words, 
the number of oleihontary positive charges it is 
capable of actjuiring. We see then that the nunther 
of atoms of any substance liberated by the current is 
inrcrseli/ pro]H)rtivnal to tia valency of the atom. 

If the atoms had all the same valumy, the axvjht 
of ihc subst.ancc liberated would bo .snnply pro- 
portional to the weight of their atoms, Hut as they 
have ditVerent valeneie.s, wo must divide the atomic 
weight by the valency. Chemists call this <piotient 
the •' chemical equivalent” of the substance. Thus 
we obtain Faraday’s Second Law of Electrolysis ; The 
amount of any substaiu'e liberated by a yiren electric 
current in unit time is j>roportional to the chemical 
equivalent fftlee substance. 

The liberation of any gramme-equivalent (i.c. as 
many grarnnies as the chemical equivalent weighs in 
comparison with the hydrogen atom) requires the 
pa.ssage of 90 ,.537 “armies” or coulombs of electrons. 
This is therefore the amount of electricity required 
to liberate 1 gramme of hydrogen, 35-5 grammes of 
chlorine, 8 grammes of oxygen, or 31 ’5 grammes of 
copper. 

When the two ions have the same mobilities, the 
substances liberated at the two ions will have the 
same concentration. This happens, for instance, in 
the case of potassium sulphate, whore the K and SO 4 
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ions have the same mobility. But in other cases, as 
in that of HCl above considered, the migration of 
H away from the anode and towards the cathode 
will be much more rapid than that of the Cl towards 
tho anode. The net result will be that, on the 
whole, the acid will gravitate towards the cathode, 
and leave tho solution about the anode impoverished. 

In the case of copper sulphato, on the other hand, 
tho salt is used up more rapidly at the cathode than 
at tho anodo. For tho mobility of Cu is 0’00048, 
wheroas that of SO 4 is O OOOtil). The SO, ions clear 
off towards the anodo more rapidly than tho Cu ions 
do in the contrary direction, and the solution gets 
diluted at the calhodo. 

I must add a few words on tho manner in which 
the ionisation is determined. It is found that a 
body dissolved in a liquid has a certain pressure, 
just as a gas has. Tho pressure is, in fact, the same as 
the suhslanco would have if the liquid were removed 
and tho molecules left suspended where they were. 
This pressure is called tho osmotic pressure,” and 
can be exhibited by means of two communicating 
tubes separated by a membrane which lets w'ater 
porcolate through, but stop.s tho dissolved substance. 
Such a membrane is called “ somiperincablo.” Cer- 
tain kinds of parchment paper act as such membranes 
with regard to sugar. Now, if a solution of sugar is 
put into one of the communicating tubes and pure 
water into tho other, the level of tho sugar solution 

u 
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is gradually soon to rise. It sucks water through the 
membrane, and the sugar molecules are thus enabled 
to occupy a larger volume than beforp. 

The dissolved substances obey most of the laws of 
gases, like those of Boyle, Gay-Lussao, and Avogadro. 
The law of these maintains that the same volume of 
any solution at the same toin|)craturc, and having 
the same osmotic pressure, always contains the same 
number of molecules or ions. 

Tins law gives us a means of determining the 
numl)cr of ions in a solution. For all ions act 
osmotically as separate molecules. Wo need only, 
therefore, determiuo the apparent incroa.so in the 
number of molecules in order to bo ablo to follow 
the gradual dissociation of the molecules as dilution 
proceeds. An important corn»boration of the rosiilt.s 
thus arrived at is by determining the lowering of the 
freezing-point of solutions or the raising of their 
boiling-ijoint with increasing concentralitm. Tho 
dissociations calculated from these experiments load 
to tho same results as those dcrivod from obser- 
vations of osmotic pressure and of conductivity. 

6. iJincharrjc through a Vacuum . — An electrified 
body can only be discharged through a vacuum if 
charges can bo projected out of tho body into the 
vacuum. For a vacuum by itself is a iierfect in- 
sulator. It does not convey electricity, for tho same 
reason that an empty can does not convoy water — 
it docs not contain any. If the electrified body is 
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brought into touch irith a conductor, the swarms 
of loose electrons in the conductor and the changed 
body traverse the junction in one direction or the 
other until the body is discharged, or the charge 
divided between the two conductors according to 
their capacities. If a solution of an electrolyte is 
interposed between them, equilibrium is established 
by a migration of ions in both directions through 
the liquid. If a gas intcr^'cnes, the exchange i.s 
carried on by means of any electrons or heavier if*ns 
that may happen to bo in the gas, or that may bo 
produced by collision or other ionising iqjoncy. Bui 
these facilities are not available when a {perfect 
vacuum intervenes between two conductors at 
dillcrent potentials. The only bodies capable of 
furnishing carriers of electricity are the conductors 
thcmsolvo.s. Now it is found that, although a con- 
ductor may be charged to a potential of ihous.and.s 
of volts, it is not easily discharged into a vacuum. 
The extra electrons, or positive aluims, never number 
more than one in a million; but they are all on 
the surface of the conductor on account of their 
mutual repulsion. 

Why, then, do they not leave it and fly out into 
the vacuum? The force that holds them back is 
not yet fully explained; but it is the same force 
os that which prevents ions in a solution from 
separating out before they are discharged. These 
ions condense the liquid teund themselves as long 
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;i8 tluy arc charged. They attract tlio neiitral 
lu|uid, and the neutral liiiuid attracts :liein, helil- 
ing them fa*! until they lose their Vlinrges at the 
oppusilo oleitHMle. When ions ha})pun to lie cou- 
tainoil in a moist gas, they act a.s eentre.s of 
condensation, and it has he<n .suggested that our 
whole rainfall is duo to ions in the aimospherc, 
chielly negative ions as well a.s elect ron.s, 'I’his 
condcn.sing action is, no <louht, also active in metals, 
and oftors a certain hindrance to the free e.\pul.sion 
of the charge from a conductor into a vacuum. 
When a charged liquid is boiled, the vapour carries 
off none of the charge. 

Ultra-violet light has a powerful effect iu facili- 
tating the discharge of electrons from negatively 
charged conductors, and entirely overcoming the hin- 
drance ordinarily experienced. The light-waves may 
bo conceived a.s shaking up the neutral atoms con- 
densed round tho electron, and sotting the latter free. 

Now, suppo-se wo have two conductors iu a 
vacuum at a difference of potential of one eloetro- 
sialic unit ('.iOO volt.s), and that by tho action of 
nltra-violet light or other agency tho electrons in 
the negative conductor are ,sot free to entor the 
vacuum. They will, of course, 1)0 repelled hy llio 
negalivo conductor, and attracted hy tho positive 
conductor, and, since nothing is stoftping them, they 
will fall freely from one to the other, and we can 
calculate their velocity by tho well-known laws of 
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falling bodies. liut a simpler way is to calculate 
their energy, and deduce the velocity from that. 
Tho energy required to drive one “ company ” (or 
“electrostatic unit") of electron.s against one unit 
dill'en nco of potential, or 300 volts, is 1 erg. When 
tho same company falls freely through the same 
ditference of potential its kinetic energy is therefore 
als<j I erg. A single elect r<m. possessing as it does 
a charge of 3‘4xl0 units, will have a kinetic 
energy of 3-4 xlO"*'* ergs, and this, as we know, is 
equal to half its moss multiplied by the square of 
its velocity — 

Now w is O'ClxlO-*^ of a gramme, hence we 
know V — 


3- 4xl0 -‘» 

o'cixio-*"' 


■ 112xl0>» 


and 


t;= 1*06 X 10® cm. per sec. 


This is truly an astonishing velocity, 6000 miles 
per second ! It is about ono-thirtieth of the 
velocity of light. But strange as it may seem, 
such a velocity has been nctmlly observeil in 
vacuum tubes. Had the Nowtoniim opponents of 
the wave-theory of light been acquainted with this 
remarkable fact, tho corpuscular theory of light 
would have died harder than it did. 

Since tho velocity varies as the square root of the 
difference of potential traversed, it would theoreti- 
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Cillly require 30- or 900 times 300 volts to impart a 
speed ecjiiiil to that of li{;ht to the elect roiis. The 
voltajjo could bo obtained, jterhaps ; , but it would 
not have the desired efVoct, since (ho resistanco of 
the ether t<i the motion of a very fast electnm is 
very considerable, and becomes inlinito near tho 
speed of li^ht. 

Klectroiis projectod with such velocities sus these 
are known as They wore discovered 

by Pltu'kcr in iS-'tS, and described by Crookes in 
1370 utidev the name of •Ttulianl mailer, ” a name 
which w;is much more appropriate than ihc scieiitilic 
world was inclined to believe at the timo, or, inileod, 
for many years after. Crookes, however, thouitht 
the ray.s consisted of atoms, which were then con- 
sidered tho .smallest po,s.sible bodies in Ihc universe. 
Nowadays the cathode rays would be nu>re appro- 
priately styled " radiant oloctricity." They are pro- 
rlitced in a ghuss tube exhausted to onc-millionlh of 
an atmosphere, thus leaving only 40 billion molecules 
of gfw per cubic cm, Crookes showed that they pro- 
ceed in straight linos at right angles to tho surface 
whence they spring, th.at an obstacle phicod in 
their w-ay casts a sharp shadow ; that they jiroducc 
a vivid phosphorescence when impinging upon gla-ss, 
or esjMscially jewels; that they exert a mechanical 
pressure where they fall, and that they can bo 
rieflecled by a magnet. 'J'o these important pro- 
perties we must now add tiio still more rumarkable 
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property of producing ROnlgen rays when they 
impinge upon a solid body. 

Positively charged bodies can also bo discharged 
through a vacuum ; but as there are no po.sitive 
electrons, the sinallust positive carriers are of atomic 
dimensions, and are at least 1000 times heavier than 
electrons. Sitico the charge of a positive atom is 
the samo as that of an electron, the electric force 
upon it is also the same. But this force, having to 
set in motion a body at least 1000 times heavier 
than an electron, will produce in it a velocity at 
least 1000 limes less. Wien has actually found a 
group of positive ions having one-thousandth of the 
velocity qf electrons, another having one twenty- 
thousandth, and another having one-millionth of 
their velocity. The last of those must consist of 
groups of neutral atoms combined with one positive 
atom each. Positive ions moving with these com- 
paratively high velocities are called “ canal rays,’’ 
since they are best observed by perforating the 
cathode, and letting them emerge on tho other 
side. It is interesting to note that material par- 
ticles of atomic dimensions can bo endowed with a 
velocity of six nulos per second by a human agency, 
'rhis .speed is about twice the velocity of a point at 
the Equator duo to the earth's rotation. 

Tho protligious velocities acquired by charged 
particles in a vacuum probably play a very im- 
portant part in tho electric equilibrium of the 
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universe. Onsulor t'lie or two point .s, Tlio diller- 
enco of potential beiwoon tho earth and the sun is 
about a billion volts, the sun l>oing ix>sitive and the 
earth nej'ativo. Any olootrous expelled from tho 
earth will therefore travel towards the sun with a 
constantly increasing speed, and will travel with a 
velocity nearly equal to that of light over tho last 
siagca Its kinetic energy will go to keep up the 
sun’s heat. When it gets into the neighbourhood 
of the sun it will exert its condensing actum inM)n 
tho neutral ga.<;es there, and will form a small drop. 
This drop will be oxpo.sojl to the radiation of the 
sun, which, acc<irding to Maxwell and llarloli, oxorUs 
a pro.ssure sudicient to balance tho weight. of a very 
small drop. 'I'lie maximum prc.s.suro in comparison 
with weight i.-; exerted on a drop HxlO*'cm. in 
radius, and having the density and capacity of water. 
The radiatitm pre.vsure is then times tho gravi- 
tational attraction. Such drojis are constantly l>eing 
repelled frt)m the sun in enonuous numbers. Their 
expulsion keeps up tho sun’s positive charge ; but 
that jKJsitivo chargo doo.s not increase indefinitely, 
since the .sun drains va.st tracts of space of tho 
electrons which abound in them. Arrhenius ha.s 
estimated that the sun drains the space os far out 
ns onc-sixtiolh of the distance of tho nearest fixed 
star of its free electrons, and thus maintains a 
constant circulation of electricity throughout the 
solar system. 



CHAPTER V 

THERMO-ELECTRICITT 

Wb will now return to metallic conductors in order 
to study the cflect which heat exerts upon the dis- 
tribution and motion of elcctroas in them. 

The modern view of heat is that it is a rapid 
motion of the smallest particles of matter. Ilefore 
the days t)f the electron theory, these smallest 
particle!} were supposed to bo atoms. Wo now know 
that atoms arc not the smallo.st existing particles; 
but tho electrons, which are at least as numerous 
as the atoms in a metal, are at least one thousand 
tiiites lighter, and about a hundred thousand times 
smaller. Tho oipiality of temperature throughout 
tho metallic ma.ss meams that the average kinetic 
energy of the psirticles of all kind.s is the same in 
any small volume chosen at random. Now. since 
the kinetic energy of a IkhIv is | mr*, where m is 
its mass and v its velocity, two bodies at the same 
temperature must have the same velocity if their 
ma.s.ses are equal; or, if they are unequal, their 
velocities must compensate such inequality. If the 
mass of one bcnly is one-fourth of that of another 
body, the square of its velocity must be four times 
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as livivio. and its volooity must bo twice as lari'O. 
Now, since the mass of iho electron is alxnii 
of that of an iron atom, its volociiy at llio sumo 
temperaluro must l>o UlO times as groat. 

Tho absoluto touiporature varies as the square 
of the velocity of tho particles. Tho “absolute" 
temperature in degrees centigrade is reckoned from 
the absolute zero of tomporaturo, which is 273"* 
l-elow freezing-point. Thus tho absolute tempera- 
ture of melting ice is 273°, and of boiling water 
373. Hence, tho vel<>citie.s of the particles at 
freezing-point and boiling-jKiint will be as 

: v'373, or 10-5 : ia-3. 

In heating a wire from the fri*czing-j«;iiit to the 
boiling-point of water, tho velocity of all it.s atoms 
and electrons i.s incrca-sed 17 per cent. 

Now we havo soon that the electrons behave 
practically like a gas capable of penetrating tho 
no tal. When tln-y are heatetl it i.s ju.st as if the 
pre.-suro of a gas wore increased by healing it. 
Their pres,sttre is also increased, and they make 
their way into cooler parts, where tho pressure is 
le.'-s. 

Here, then, wc have a displacement of electrons, 
and we know that a displacement of electrons con- 
stitutes an electric ctirrent. It is therefore p<».s.sible 
to generate an electric current by healing a metal 
unetpiidly in difterent parts. 
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If I ho wire is l»ont into a ring, and it is heated 
at tax; point, electron currents in opposite directions 
will ; lurt from the h«jt point. There will, t>f course, 
bo no current round tho circuit, since the two 
opposed currents neutralise each other. But if the 
wire on one side of tho hot point is kopt cool in 
a wator-jacket, tho slope of pressure will be more 
abrupt on that sido, and tho electrons will pass by 
preference in that direction. There will, therefore, 
be a resultant electron current in the direction of 
tho water-jacket, or a positive current in the reverse 
direction. Any other means of making tho slope 
of temperature and kinetic pressure more abrupt 
will have tho same cilect. Thu.s, if the wire is 
parsed .slowly through a Hatne, leaving a steeper 
gradient of temperature in front than behind, the 
electron current will flow in tho direction in which 
the tlaino niovc.s along the wire. 

Conversely, if an electron current is .sent along 
a wire containing a hot point, it will carry the heat 
along with it, proiiucing a nx>re grailual slope of 
heal on tho other side of tho hot point. This may 
be Well observed in an iron wire. 

Tho siinplo.st way of altering the .slope of the 
boat-curve is by joining two luutals of diflereut 
coiuluetivitics fur heat. Thus, if (Fig. IS) a bar of 
lead and a bar of zinc are joined at A and boated 
at tho junction, the .slope of temperafuro will bo 
mure abrupt on the lead .side than on the zinc side, 
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and an electron current will paas steadily from the 
zinc to the lend and back through the wire outside. 
Or, to use tho older language, a (positive) current 
will pass across tho hot junction from lead to zinc. 

If We leave the zinc-lead junction cool, and send 
an electron current through it fro n tho zinc to 'he 
lt*ad, it is evident that the same number of electrons 
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must pass every cross-scction both of tho lead aiul 
tlie zinc. Since there is more rosi.stnnct; to be over- 
come in the lead than in the zinc, tlio electrons 
entering the lead inu.st ac<iuiro an extra .siip|>ly of 
energy, and this can only bo ilerived from the 
Tnotion of the atoms and elcctnms themselves. 
Hence the junction A will be cooled. An electron 
current in tho reverse direction would heat the same 
junction. This heating and cooling of junctions of 
dissimilar metals by ti current pa.ssing through i.s 
known as tho Peltier effect. 

All the above reasonings have supposed that the 
heating and cooling have no effect upfjii the electric 
conductivity of the metal, nor upon its two factors 
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— viz. tho density and mobility of the electrons. But 
in reality both those factors are profoundly aft'ected 
by heat, and tho actual phenomena are therefore 
more complicated than tho above reasoning might 
leiul UK to sappoKO. Before wo arc in a position to 
deal fully with thermo-electric phenomena, we must 
have some more information concerning these two 
factors, and must also consider the did’crencc of 
potential Ijotwecn two metals or other conductors 
produced by contact at ordinary temperatures. 

I have indicated tho general principles upon which 
a full theory t)f thermo-electric effects must be based. 
But this hill theory is by no means worked out as 
yet. Tho older theories stood quite helpless before 
tho puzzling variety of thermo-electric phenomena. 
Tho electron theory gives us viduable help; but a 
groat deal remains to be done, and the research 
student cannot choose a more promising field for 
his labours, or one more likely to give him a rich 
reward, than the connection between electricity 
and heat. Tho direct conversion of thermal into 
electrical energy — in other words, tho generation 
of electricity direct from coal — is a problem fraught 
with great economic consequences. Thermo-electric 
battcric.s have been employed for some time in 
galvanoplastio and other small installations; but 
their oilicioucy and durability still leave much to 
bo desired. Haphazard o.vporiinonts are not likely 
to lead to any radical improvement without the 
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probability of a lonj,' sorios of co ily failiins. 
lJul a j'ood workiiio tlH'i*rv of tliorin- uKctricity 
may indicate the lines uKtnj; wldcii smeoss 
may be looked for with a rcasonabio do;j;reo of 
probability. 

The fact discovered by Soobock is that when a 
rod of antimony and a rod of‘bisinuth arc joined at 
ono end and heated at that end, and the bismuth 
rod is bent round so as to join the antimony at the 
other end, and that junction is kept cool, a (positive) 
current flows across the hot junction frotn the 
bismuth to the antimony. 

This means, according to the electron theory, that 
electrons travel across the hot junction from the 
antimony to the bismuth, and across the cold 
jimetion from the bismuth hack to the antimony. 
Thero Ls no rc-vl ‘positive current," since that would 
need .itoms for its transportation, and those could 
only be bismuth atoms travelling across the hot 
jimciion into the antimony. Tho end of the anti- 
mony would thus be converted into an alloy of 
bismuth and antimony. This has never been ob- 
served ; but it has boon found that under extreme 
pressure one metal may be forced to ditVuso into 
another, and when that takes place a real positive or 
atomic current may pass. Under ordinary circum- 
stances the electron current is tho only electric 
current largo enough to bo measured. But we may 
suppose that a certain amount of atomic ditl'usion 
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does tako place even at ordinary pressures, and U) 
this itoinic dilliision current we may attribute the 
gradual degeneration of thonuo-elcctric batteries, 
Aiitiniony and bismuth show one of the larged 
ihcnno-electric efl'cets known, and this fact no doubt 
facilitated its discovery by Scebeck. But all com- 
binations of metals 'may bo used for generating 
thermo-elecirio currents. The current-strength 
obtained varies from one metal to another. We 
know that the current is proportional to the conduc- 
tivity and to the enoigy spent in driving an electron 
round the circuit, and we have seen th.%t tliis energy- 
per-olectron is called the olcctromotivo “force” 
(E.M.F.). Now the KM.F. generated by a bis- 
muth-antimony couple whoso junctions ore kept at 
boiling-point and freezing-point respectively is 
of that of a Danicll cell, so that 200 couples would 
have to bo ranged in series in ortler to give tho 
E.M.F, of a single Danicll cell. Bismuth, licing 
costly, and its resistivity high, such a battery 
would cost much more than tho cell. But then 
a current could bo obtained from it at any time 
by heating alternate junctions with boiling water 
or steam. 

E. Bocqucrel in 18G4 compared a largo number of 
metals with copjKjr, and measured tho E.M.F.'s they 
yielded when combined with copper, with their 
junctions kept at freezing-point and boiiing-j)oint 
respectively. I quote his results : — 
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Bismuth 

. -3-91 

Cob»lt 

, -2*24 

Nickel 

. -1*63 

Gertimn silver 

. ^1*26 

Palladium . 

. -0*82 

Morcury 

. -0*48 

LOiid . 

. -0187 

Tin . 

. -0147 

Gas oar boil 

. -0-142 


, Platinum . — 0*00 to 0*38 

I Eino. . -OOitoOCM 

j Ctippor . 0 

‘ Silvor . 4-0026 

I Cadmium. 4- 0033 
: Iron. . 4-0-»5to0-67 

Antiimmy 4- 1-41 
, Tullurium 4-3005 


Tho tifjures incim thousandths of a Daiiicll 
(1 PunioU = I'l volt), and tho ncijalivo sipi indi- 
cates that tlio {)(>.sitivo current flow.s acrus.s the hot 
junction fnuu the uiotal in ([uostion to tho copper — 
i.r. that copi>or } icUls electrons to tho iiiolals aoroas 
the hot junction. 

Tho E.M.F. of any two inotals may be obtained by 
adding up tho figures for oach, if of oppo.silo signs, or 
subtracting them, if of tho saino sign. 

It will be .seen at onco that tho commoner inotals 
have very poor thermo-oloctric eirects. A zinc- 
copper thermo-couple has only E.M.F. 

possessed by a bi-smuth -antimony couple, so that it 
would rc<iuire 40,000 zinc-copper couples to make up 
an E.M.F. equal to that of a Daniell coll. 

The thofino-eloctric force is, gouorally speaking, 
proportional to the diflfcrence of tomporature between 
the junctions. The rise of tho thermo-electric force 
with tho temperature is so constant and reliable that 
a system of thermometry by thermo-couples has 
been based upon it. But some couples, notably tho 
combinations with iron, show a gradual decrease of 
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the rise at higher temperatures, and at certain 
differences of temperature there is a zero thermo- 
electric force, or oven a new force in the opposite 
direction. 

Licbenow has found an important relation between 
the thermal and oluctric conductivities which enables 
us to predict the thcriuo-oleclric force of a combina- 
tion of two metals with somo certainty. Ho finds 
that tlio greater the conductivity for heat is in 
comparison with the conductivity for electricity, the 
more freely do electrons pass out from a metal 
across a hot junction, lie also finds that there is 
an E.M.F. generated within the metal itself which 
urges the electrons to proceed in the direction in 
which he.at is being propagated. This is just as we 
should expect. The E.M.F. of the thermo-couple is 
a differential effect, due to more electrons being 
dragged along by the heat in one metal than in 
another. If L is the conductivity for heat and S the 
electric conductivity, the E.M.F. between two por- 
tions of the same metal kept at two dift’orent 
teiuporaturcs, say at boiling-point and freezing- 

point, is proportional to Thi.s means that 

whatever affects the two conductivities also affects 
the E.M.F. of the metal concerned. Now we know 
that the resistance of a metal incrciiscs with the 
temperature; that is to say, the conductivity 
diminishes as the temperature rises. Hence the 

I 
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Above ratio will iuoRniso with heating, if the thonnal 
conductivity reouiins constant. This is vury gene- 
rally the case, and whatever may be the difference 
between two metals in their internal thermo-olectrio 
forces, that difference is. a.s a rule, exaggerated on 
further heating. But in some metals the difforenco 
tends to disappear on heating! or to bo reversed, and 
then the E.M.F. of the couple pa.ssos through a 
luaxiumin, and then diminishes. 

To help us in our search for the ideal thermo- 
oouple — an ideal whieli, <inco realised, would ho of 
the uimo.'it practical importance -we may say that 

what we want is two metals in which the ratio 

is as different a.s po.ssihle. For instance, one of them 
might have a very liigh, and the other a very low, 
conductivity for hc.il in compari.son with its electric 
coiiduclivily. Antimony has a high, and l>i.smuth a 
low ratio. 

Another dosideratum is that tlie ratios of the two 
metals shall not tend to become c<pial as the ternpora- 
lure rises. For then a p«>int (called the “nuni.ral 
point”) would he reached at which the wandering of 
the electrons would be the same in both directions 
away from the hot junction, and none would traverse 
the junction. There would bo no electron current, 
and hence also no “ positive current.” 

The ratio depends essentially upon the energy 
of the carriers of thermal and uloclrio energy in 
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proportion to their absolute temperature. The 
carrier of the electrical energy is the electron, having 
a mass ot 10~” gramme, which we will call m. The 
carriers of thermal eoOTgy are both atoms and 
electrons. If they are mainly atoms, we may put 
their mass M at about 60,000 times that of the 
electrons. Finally, if T is the absolute temperature 
{i.e. 273 + the degrees centigrade), then we have the 
intei-nal thermo-electric force in a metal proportional 

to The best thermo-electric effect would 

therefore be obtained by combining two nieuls 
differing in such a manner that this ratio would be 
great in one and small in another. Now that ratio 
i.s, as we have seen, .small in bismuth. The ma.s.s of 
the carriers of heat is small. This means either that 
there are few atomic clmstcrs, or that the electrons 
themselves diffuse the major j>art of the thermal 
eneigy. In antimony, on the other hand, the carriers 
of heat are mainly larger ma.sscs. There is more 
energy in a gramme of antimony that in a gramme 
of bismuth at the same temperature. Hence the 
electrons, always tending to expend their energy 
.os rapidly as possible, pass by preference into the 
bismuth. At the cold junction, where the difference 
of energy is nut so marked, the electrons must, 
perforce, return into the antimony under pressure 
from the hot junction, and so the circuit is 
completed. 
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When, on iho I'llior luuul, an indopen lout ourreiit 
is sent aercss ;i juiieiii>n tV<>m hisninth m imtiinoiiy, 
the incre;i>e(l eiieie:y in the anliniony is efent rale<l 
by ahsorptiiin I'f heat at the junetiun. This is the 
I’cltier ellect. The c<i'>ling of the junction in its turn 
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generates a current in the direction opjK»scd to the 
oritfinal current. Tliis is an instance of the well- 
known rule that whatever action an electric current 
may exert, that action acts contrary to the current. 
To put it l)ridly, all acts of an elect rio current are 
suicidal. 

To .sum up, we have throe ihermo-eleolric utt'oets. 
The first, that discovered hy Seebeck. shows an 
electric current generate*! hy the unequal heating 
of the two junction.^ of tw«i din'erent luctnls. The 
second, that discovered by Peltier, shows the cool- 
ing of a junction of two difl'ereiit metals, which, if 
healed, would prmluce a current in the same <Uroc- 
tion. When the current is reversed, the junction is 
healed instead r>f being cooled. 

The third effect is known as the Thomson or 
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Kelvin effect. It is really the most important effect 
of all, the others l)eing merely differential effects. It 
consist.? in the transportation of electricity with a 
current of heat, and vice vemd. An ingenious 
oxp< riment for exhibiting this effect has been 
devised by Lo Roux. A current is sent through 
throe bars of copper, placed as shown in the figure. 
The junctions on the right-hand side are heated, 
while the other ends are cooled. There can be no 
Seobeck effect, as the metal is everywhere the same. 
But in one bar the electric current goes from cold to 
hot, in the other from hot to cold. In one bar it 
opposes the heat current, in the other it aids it. As 
a consequence, the heat travels faster in one bar 
than in the other, and disturbs the even flow of 
the electric current. A galvanometer connected as 
shown, and made to show no deflection when the 
junctions are all at the same temperature, shows a 
permanent <lotlcction when heat is applied, thus 
indicating that a current has been diverted into it. 
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VOLTA 1 C ELE(TR I CITY 

Under the name Voltaic Klectricity are comprised 
a nunil^er of phenomena wliich dept^nd upon differ- 
ences in the behaviour of bodies towards electricity 
apart from effects of temperature, liiagnetism, and 
other factors. 

These phenomena are connected with the most 
intimate internal .structure of the elements, an<I are 
therefore of great variety, and of .sonic uncertainty, 
being often profoundly affected hy surface conditions 
and by sliglit impurities. But in the hundred years 
>inec Volta di.scovered contact oicctricily, much has 
been in the way of establishing the general 

principles which underlie the phenomena, and which 
indicate their c<»nncclion with chemical roaction.s. 

rljirtifitrn C*o7ifaet , — The fundamental fact 
discovered by Volta in 171^7 is that when a piece of 
zinc touches a piece of copper, a spontaneous charge 
of botli metals takes place, the zinc being charged 
positively and the copper ncgativtdy. 

Since the combination of the two rnolals exerts 
no electrical force at a distance, the positive electri- 
fication of the zinc must be exactly equal to the 

*34 
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negative electrification of the copper. This, when 
stated in the language of the electron theory, 
amounts to saying that a certain number of electrons 
have passed across the point of contact front the 
zinc to the copper. When the metals are separated, 
their charges become more evident, being no longer 
neutralised by each ether. The charges can be re- 
moved by connecting the metals to ear*b In other 
words, when the metals arc connected with, say. a 
water-pipe, electrons pass from the earth into the 
zinc, and from the copper into the earth, until 
copper, zinc, and earth are again at the same 
potential. The process can then be repeated in- 
definitely, always with the same result. 

Wo may state the result by saying that copper 
exerts a greater attraction U|)on electrons than zinc. 
Hence, when electrons pass from zinc to copper, 
work is done upon them, just :is it is done upon 
them when they pass from a negatively to a pi»si- 
tivtily charged body — /.c. from a body having an 
excess of electrons to a body having a defieiency of 
electrons. There is thus a natural or inherent ditler- 
onco of potential between them, which only comes 
into operation when they are brought into contact, 
and which then loads to the passage of electrons 
from the zinc to the copper. This passage con- 
tinues until the positive charge of the zinc and the 
negative charge of tho copper l»ecomo .so large that 
the poleutials due to them just balance the natural 
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difference of potential. The potential duo to the 
newly acquired charges thus forms a moasuro of 
the natural difference of potential, and is called the 
“contact potential” between the two metals. This 
contact potential is found to be constant for the 
same two specimens, subject to slight fluctuations 
with temperature and surface condition. It amounts 
to about three-quarters of a volt in the case of ordi- 
nary commercial copper and zinc. Thi.s means that 
when one “ company ” of electrons (i.e. one electro- 
static unit of negative electricity) pas.sos from 
originally uncharged zinc to uncharged copper 
across the junction, the amount of work done 
upon it. and frittered .away into heat, is <i„th of 
a dyne. 

The larger the surfaces of the metals, and the 
sm idler their <li.stiinco apart, the larger is their 
“capacity” (p. 08) regarded as a condenser. Heiieo 
also the larger is the amount of electricity which 
iriu.st pass in order to bring up the difference of 
potential to the amount required to balance the 
natunal difference of potential. Therefore, although 
the contact potential is a constant quantity, the 
actual charge of the metals depends upon their 
dimeasions and upon the intimacy of their contact. 
This fact sheds consulcrable light upon electrifica- 
tion by friction, where the rubbing of one body over 
another increases the charge of each. 

We must next endeavour to account for the fact 
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that zinc has a greater tendency than copper to get 
rid of its electrons. 

We have seen above (p. 110) that metallic atoms 
have a tendency to get rid of one or two electrons 
each whenever they can find a non-metallic atom 
ready to take up the electrons they themselves can 
spare. 

When zinc is immersed in a dilute '''dution of 
one of its own salts — say, zinc chloride — the atoms 
of the zinc have a powerful tendency to pass into 
the liquid as positive ions. In endeavouring to do 
so, they must .somehow dispose of their superfl>ious 
electrons. The zinc atoms alre.'wly in solution are 
unable to take up electrons without neutralising 
and precipitating thcmsclrcs, while the chlorine 
atoms are alrejxdy in charge of the electrons given 
up by the dissolved zinc. The only alternative re- 
maining is, therefore, to leave the electrons behind 
in the mass of the metal, which is thereupon charged 
negatively. Even when this negative charge is re- 
moved by connection with earth, the solution of the 
zinc cannot proceed much further, since the accumu- 
lation of positive zinc ions in the liquid charges 
the liquid positively, and thus prevents any further 
positive atoms from entering it. The positive charge 
of the liquid can bo mciisured, and when that is 
done, it represents a measure of the strength of the 
tendency of zinc to give up its electrons and go into 
solution. This tendency is called the “solution- 
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pressure” of the zinc. It is very siniiliir to tho 
“vapour pressure” of a liipiul, aiul like it, it can 
be measured in alinospheros. Tho solution-prossuro 
of zinc is enormous; it is about a trillion atmos- 
pheres. That of copper, in copjwr sulphate, i.s very 
small, being about a irilliouth of an atmosphere. 
No wonder, then, that when*copi)er and zinc are 
brought contact, the eagerness of tho zinc to 
dispose of its electrons should exhibit itself in the 
extrusion of electrons from tho zinc into tho copper, 
thus producing the phenomenon observed by Volta. 

Thu facility with which zinc loses its electrons is 
shown in a striking manner by some recent experi- 
ments of Fuciditbauer. He produced a .streaiti of 
“canal rays,” or positive gaseous ions, in a vacuum 
tube, and let that stream impinge upon various 
metals. 11c found that tho metals, whidi wore 
pl-atiniim, silver, copper, zinc, and aluminium, all 
gave oft' eI*;ctrous under tho impact of tho canal 
rays; but tliat the electron current from tho copper 
was to that from the zinc in tho ratio of 12S to 
102. A still greater current C’Orj) was obtaiuoil 
from aluminium; but the behaviour of this metal 
dopumls very largely upon its surface condition. 
When poli.shud with oil and purnico, it is more 
positive than zinc, and therefore gives off electrons 
still more easily; when cleaned with water and 
dried in air, it is less positive than zinc. 

Another set of phenomena which go to explain 
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contact electricity is that of discharge by ultra- 
violet light. This remarkable phenomenon, dis- 
covered by Hertz, and studied in detail by Elster 
and Geitel, Stark, and others, consists in the spon- 
taneous discharge of a negatively charged body 
when illuminated by ultra-violet light. It may be 
exhibited as follows:* A well-cleaned zinc plate is 
mounted vertically, and expo.sed at slidrii .ange to 
the light of an arc lamp or an intense electric spark, 
Ijoth of which contain abundant ultra-violet rays. 
The zinc plate is connected with a sensitive electro- 
meter. This then indicates a positive charge after 
a short time. This gradually increases, and may 
reach 30 volts if air is blown against it, in order 
to remove the expelled electrons to a distance. This 
shows that the zinc plate has given off negative 
electricity — if. electrons. The conclusion is con- 
firmed by sucking the gas near the plate through 
a metallic tube containing a plug of glass wool 
at the other end. The tube becomes negatively 
charged, owing to the ab.sorption of the electrons 
by its wall. 

If the zinc plate is negatively chargcil to begin 
with, it loses its charge very gradually in the dark. 
Bjit, if an earthed piece of copper or bniss wire 
netting is placed over it, and it is illuminated with 
ultra-violet light through the network, the charge is 
rapidly dissipated. A positive charge is not affected 
in this manner. If the copper netting is connected 
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through a galvaiioiuolor aiul a battery wiih the zinc 
in such a inannor that the zinc is nogativi ly <;liargO(!, 
the galvanometer indicates an electron current 
passing steadily from the zinc to the copper and 
back through the battery as long ns the ilhimination 
is kept up. 

Such a current is called a ••photo-olcctric current.” 
Similar xti louts are exhibited by other metals 
besides zinc; but in copper and platinum, for 
instance, they are extremely feeble, owing to the 
tenacity with which they retain their electrons. 

Volta arranged a number of metals in a series 
in such a manner that any metal combined with 
any other metal further on in the scries would I)e 
positively charged. The Volta scries is; Zinc, load, 
tin, inm, copper, silver, gold. He found, further, 
that the contact force between any two of them was 
erpial to the sum of the contact force.s of the inter- 
mediate p.airs. This is fairly obvious, since the drop 
of potential in passing from one metal to a .second, 
and from the .second to a third, must lie equal to the 
rise of potential in juissing from the third back to 
the tirsl if there is to bo conservation of energy. 
Otherwise an electron, by passing round in tbi.s 
manner, miglit be m.ado to generate energy con- 
tinuously f>ul of nothing. 

A more complete voltaic series is that given by 
Hankcl as follows ; Aluminium, zinc, cadmium, 
lead, tin, antimony, bismuth, German silver, brass. 
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mercury, irou, copper, gold, palludiuin, silver, coke, 
pliitiiium. 

Thill the voltaic series is dctcrinincd hy the ease 
with which the metals lose electrons is pr-jved by the 
fact that the same scries governs — 

(o) The solution pressure of a metal immersed in 
a solution of one of its own salts ; 

(6) The photo-electric current from a-’oeial; and 
(c) The electron current from a metal when ex- 
posed to canal rays. 

It may therefore be taken that the contact force 
between two metals, about which physicists have 
boon contending for a hundred years, is now reduced 
to a simple principle, and that any further ex- 
planation must toll us why some metallic atoms 
hold electrons more firmly than others. A highly 
ingenious explanation of this has recently been 
attempted by J. J. Thomson, on the basis of the 
equilibrium of various configurations of electrons em- 
bedded in a sphere of positively olccirificil matter.' 
For the present, we will take the difi'orent attractions 
exerted by difi'orent metals upon the electron for 
granted. 

Contact electrification is not confined to metals, 
but is practically universal, not only between dis- 
similar bodies, but between the same bodies having 
a slight difierence of structure or surface conditioa 
We have already soon that a kind of contact E.M.F. 
exists between two portions of the same body which 
' See “ EIcctrcity and Matter, ’’ by J. J. Thomson. 
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jirc at (litVt‘rcMil toinperalurc.s, tlu? only diilrroiUMj 
beini; that tlio (liilbronco of tcinperai iiro lias to 
bo artificially inaiiitaineil. 

Nt»n-c»»iahiciors alM> exhibit iicciihil CMilact 
fn-cos. 'riioy iiiay bo tleieriiiincil by iiioiintiiiL; ihein 
between (litVercnl metals. Thus, when parallin-wax 
is poured belwoon plates (»fco|i^>or and zinc, the plates 
acquire a eoiV-in ditloroiice of potential, >Ahieb repre- 
Miits the sum of the eontaet forces l)el ween copper 
and and paratlin and zinc respectively. 

Frn 'nncil I\h rf rtvif )f. — I'hat. frictional eleiari- 
tiealion is simply a b»rni of voltaic; eledricaly i.s 
evident from the Uu.i that the electrification by 
friition is (»f the same sii'u as tlio electrilication 
by contact. Ihit frictional electrification is even 
more sensitive to surface conditions than contact 
olectrificfttion, no doubt because the intimacy of 
contact is much greater. The greater intimacy of 
contact, by increasing the capacity of the two bodies, 
also increases the charges they acquire through the 
same difl'erence of potential. These charges may 
he very high, and are confined to smaller areas 
in non-coiuluelors than in conductors, owing to the 
hict that the latter distribute the charges uniformly 
over their surfaces. Hence it may happen that 
v/hen two non-conductors are separated after being 
rul)b(jd together, the charges are very strong, and 
load to sparking and spluttering. This circumstance 
explains why electrification by friction was the first 
from of electrification discovered. 
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Attempts h.ave boon made to arrange substances 
in a series corresponding to Volta’s scries, in such 
a manner that any one of thctii, rultbed against 
any subsequent one, is positively clectritied. The 
series given by Faraday is (he following: Catskin, 
llannel, ivory, quill pens, rock crystal, flint glass, 
col ("11, canvas, white «ilk, the hand, wood, lacquer, 
metals (iron, copper, brass, tin, silver, platinum), 
sulphur. 

It appears from this series that all metals lose 
their electrons less easily than most of the sub- 
stances above enumerated. But caoutchouc, .sealing- 
wax, sulphur, eollodium, and guncotton are still 
more rclontivo of electrons, and therefore become 
negatively charged even by friction agaimst silk. 
Gaugain has arranged the metals in a frictional 
series which corresponds closely to Volta’s contact 
series. 

The Galvanic Cell . — In all these contact electri- 
fications there is no passage of one material into 
another. It is the electrons alono which pass, and 
the substance which loses electrons most easily 
becomes positively charged. But an entirely dif- 
ferent state of things arises when a metal is 
immersed in a liquid capable of dissolving it. In 
this case it is the dissolved metal, and not the 
solid lump, wliich loses electrons in order to form 
hydrated ions, and as a general rule the electrons 
are gathered up by the lump of metal, which 
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ihoroby bocomos ncj^ativoly c*hari^u(l. Tiio ^noatcr 
the M»luliou pressure of iho inctul, anti the L^roator 
its U inlonoy lo lose clod runs, llio ;;rcatcr will 
therefore bo the number of elednuis luommi- 
laleil by the metal itself. This result appears 
strange iiulil we realise that the zinc i'>ns are the 
result of a eluslering of thb solvent round the 
>.inc a»oms - a cluaering wliich nutans a loss of 
energy. Since the clustering, as wo have seen, 
(Mil only lake jilace if iho zinc atom is charged, 
and the zinc atom is incapable of taking up an 
extra oleetron, it imisl lose one or two elect rtms 
in order to get charged. Work must be d<»ne in 
order to draw the positive zinc atom out of the 
negatively charged mdal. and the energy no(Missary 
for tills work is furnished by the clustering of 
the molecules of the solvent. When, besides the 
zinc, aiiotlier mdal, say coj)|)er, is immersed in 
the same solvent , it may happen that the solution 
pressures of tlie two inetaLs dill’er very widely. 
In that case the zinc will bo much more highly 
charged with electrons than the copper, and if 
metallic connection is established between them, 
an electron current will pass from the zinc to 
the copper. In the older language this means 
that a current or “ positive current ” passes from 
the copper to the zinc. The passage of the current 
will continue until the excess of electrons is drained 
out of the zinc; but, as long as the zinc atoms 
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go on dissolving and giving up electrons to the zinc, 
a slojjdy current will be inaiiitained. 

Take the ciuso of an elementary galvanic cell, con- 
sistin;{ of a plate of copper and a plate of zinc 
immersed in dilute sulpliuric acid, and joined by a 
wire Mutsido the licpiid. The liquid consists of water 
molecules, acid nu)loci!!iles, Hj^SO^; positive ions, H; 
and negative ions, SO^. Zinc atoms are constantly 
going into solution, and giving up their electrons to 
the zinc from which they issue. These eloctmns, 
flowing round the outside circuit into the copper, 
neutralise the II atoms in the neighbtnirhood of the 
c<»pper, and liberate the h^'dri^gen from the liquid 
iu the form of bubbles. Thus, zinc disappears into 
the li(pud on one side, and hydrogen loaves the 
li(|uid on the other side. Both zinc and hydrogen 
arc positively electrified atoms, and wc, therefore, 
have hero a material “ positive current,” which, 
however, is only really in existence in the Layers 
nearest to the electrode. The really coiitimious 
current in the outside circuit is the electron current. 
It is the only thing that moves in the wire. 

All electric batteries work on the same principles 
as those above set forth. They only differ in the con* 
trivances made to increase the difference of solution 
pressure, to facilitate the exchange of electrons, to 
reduce the resistance of the liquid, to insure the 
long continuance of the current, and to incrcaso the 
convenience and economy of practical working. 

K 
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Vv to the i^ri'Sint wo havo only consi»lf re<l such 
Tiiutiml forcts nl’ clrc, Irons ns arc plnyinj^ bi'tween 
ihoin when at n st. We have seen tlml one elec 
Iron rcj^cls iin<»tlier placed near it at a (list unco ol‘ 
one continietn; with a force of l‘li>xlO dynes, 
u hat ever inaierial may inlervcnc between them, 
'i'iio same r«»ree is exerted between two neutral 
nionis when they arc deprived of one elect rt»n each, 
ainl thereby cniivertod into “positive atoms.” On 
t ho other liand, an electron ottrarts a positive aUun 
with the same force. 

These three forces are called electrostatic forces, 
because the electric bodies are at rest. Wo now 
proceed to con.sider the forces brought into play 
when the electric bodies are in motion. 

When two electrons travel side by side through 
the ether, some of the repulsive force between them 
apparently disappears* The amount of repulsive 
force disappearing depends upon the velocity; it 
increases in direct proportion with the velocity, and 
when the electrons move with the velocity of light 

* 4 « 
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tho rt'pulsivo force disappears entirely, and the two 
electrons cease to exert any action upon each other. 

Tho same change of force takes ])laco when two 
positive atoms travel side by side through the ether. 

Both these facts may be stated more clearly by 
saying that two electrons or two positive atoms (or 
similar charges of any kind) travelling side by side 
through the ether exhibit a mutual attraction which 
incrciuses Avith tho velocity, and which balances their 
electrostatic repulsion as soon as they travel with 
the \ olocity of light. 

When an electron and a piisitive atom travel side 
by side through the other, their original attraction is 
balanced by a mutual repulsion, .so that again, when 
they travel Avith tho velocity of light, they c.\crt no 
mutual force. This implies that when a neutral 
atom travels so fast ivs to nearly approach tho 
A’clocity of light, it becomes incapable of retaining 
its electrons, and becomes “ ionised.” 

Tho facts form the basis of all the phenomena of 
electro-dynamics, of magnetism, and of induction. 

The forces diie to Hie steady motwn of electrons, 
positive atoms, or charged bodies through the ether 
are coMed magnetic forces. 

Take a long copper wire, 1 mm. in radius, stretch 
it across the room, and send a current of 1 ampere 
through it. What is the magnetic force due to tho 
steady motion of its electrons ? 

In tho first place, we must know something of the 
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velocity with which the oloctroiis are travelling 
through the wire. They travel in a direction 
opposite to what was hitherto called “the electric 
current.” They travel from the zinc to the copper 
of a cell, or generally from the negative to the 
positive-polo. There is no perceptible ilisplaceinent 
of the positive or neutral coj)por atoms. They are 
tirmly packed together, and cannot migrate, whereas 
the electrons thread their way bolwcen them and 
progress with a steady average speed, which is 
»lircctly proportional to the electromotive force 
which drives them. Their motion constitutes the 
real cleelric current, and produces all the heating 
and magnetic etleots which wo associate with an 
electric current. 

The passage of one ainp{*ro across any section of 
a wire means the passage of an *' army ” of 8‘79 
trillion electrons across that section every second 
(p. 90). This number of electrons, which, in order 
to emphasise the atomic conce})tion, I have called 
an “army,” is usually called a “coulomb" of 
negative electricity. It contains 9000 million “ com- 
panies” or electrostatic units of electric quantity. 
One “company” contains 2030 million electrons. 
Wo may therefore say that an electric "army" 
contains about as many companies as the company 
contains men. 

Let an anny of electrons tiavorso the point A in 
the conductor All. It takes one second to pass in 
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review at A. Wo want to know where its scouts 
will be by the time the rearguard has arrived at A, 

In order to determine this, we simply have to 
find what length of the wire contains an , 
army of electrons available for convey- ^ ♦ 
ing electricity. We have estimated the 
number of available electrons in 1 cubic 
centimetre of copper at 380 trillion (p. 90). | 

An army of 8*79 trillion i.s therefore con- 

tained in every cc. or 0'023 cc. of 
copper. 

Since the radius of the copper wire is j" 

1 mm. its area is O-Olw sq. cm., and its 
volume per cm. length is O’Olir cubic 
centimetres, or 0’0314 cc. ; therefore the length of 
copper required to contain an army of movable 

electrons is = 0'723 cm. 

U’Uo 1 4 

Hence, by the time the rcarguartl pa.s.ses A, the 
vanguard is 0 723 cm. ahead, and the rearguard will 
reach the same spot one second aflcrwartls. In 
other words, the speed with which the army marches 
is 0-723 cm. per second. 

This is the velocity of the electrons in a copper 
wire 2 mm. in diameter, carrying a current of 1 amp. 
Doubling the current moans doubling the speed 
of the electrons, and, therefore, quadrupling their 
energy which varies as the square of the .s|)eed, 
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and quadrupling tho heating. Doubling (ho ro- 
sistjxnco whilo tho current roinain.s tho saint' also 
meiuis doubling tho speed ; but since the nuiubor 
of electrons per unit length is halved, it only int:ans 
simply doubling the heat evolved per unit length 
instead of quadrupling it. (Joule’s Law.) 

The inagne^i'' force (hies not depend in any way 
upon klio resistance of tho wire, but simply upon tho 
number and speed of the electrons — i.e. upon their 
momentum, in v. 

Tho magnetic force may be tested by means of 
a small magnetic needle which sets itself at right 
angles to tho current. That is the old familiar way 
of measuring a current. But in thc.so articles wo 
must proceed differently. Magnets, magnetism, and 
magnetisation are all to bo reduced to the distribu- 
tion and motiun of electmns. A magnet is a highly 
complex .system of spinning electrons. There is 
nothing fundamental about it. 'J'ho fact that tho 
eleelroiiiagnetic system of units is based upon tho 
definition of a unit magnetic polo simply exhibits 
the dire straits to which the older theories were 
reduced when brought face to face with magnetic 
force. The magnetic pole, being a thing whose true 
nature was unknown, had to bo regarded as an 
elementary thing, not reducible to any other known 
principle, just lus water was considere<l an element 
before Cavendish analysed it. Electric currents were 
measured by magnets, instead of vice verad. In 
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iho future science of electricity the magnetic pole 
will play a very subordinate part. 

Ilow, then, can wo measure the magnetic force 
due to the electrons moving in the wire ? 

It is evident that the electrons alone produce 
the magnetic force ; for the positive atoms are at 
rest. They are equal* in number to the electrons, 
and therefore the wire has no electric charge as 
a whole. The magnetic force cannot bo discovered 
by means of a charged electric body at rest, since 
the magnetic force acts only between bodies when 
they both move relatively to the ether in the same 
direction. They must have an absolute motion 
through the ether. Relative motion is nut suUicient. 
When one charged body moves through the ether 
while the other is at rest, no magnetic force is 
exerted between them. The ether, in the electron 
theory, is supposed to be absolutely at rest. It 
forms the standing ground from which all motion 
may be motvsured in absolute terms. There is, 
therefore, in the electron theory such a thing as 
absolute motion, and it is this that determines 
magnetic force. The greatest absolute motion 
with which we are brought into practical dealings 
is that of the earth round the sun, which is 
3,000,000 cm. per second, or 19 miles per second. 
This is only ’ujJostli of the speed of light, so that 
two charged bodies placed at noon in a line at 
right angles to the sun’s rays in the meridian plane 
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would only lose ,0’0l per cent, of their attraction 
for each other, whereas they would not do so if 
placed east and west. The oxperimout may be 
tried some day. but the difliculties’ are very j'roat, 
since the charoo on a conductor is easily dissipated 
by the ions of the air, and the sources of error are 
considerable. 

The fact that wo can discover magnetic force, even 
if the electrons are moving with the small velocity 
of about 1 cm. per second, is duo to the enormous 
quantities of electricity set in motion in a wire — 
quantities tvliich we can never hope to obtain 
separately. Whatever magnetic force the electrons 
may exert owing to the earth’s 
motion is compensated by the 
magnetic force exerted by the 
po.silivo atoms, owing to the 
earth’s motion, 'rho one force 
exactly balances the other, and 
the only force remaining is that 
of the electrons relatively to the 
positive atoms— i.c. relatively to 
the wire itself. 

This is how it comes about 
that wo may, for magnetic pur- 
poses, regard the *jthcr as fixed to the earth, so 
long as we are not dealing with bodies possess- 
ing a free charge. The magnetic force Iwtween 
two moving electrons varies inversely as the 
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Fig. 21. 
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square of the distanco. The ma^^notic force exerted 
by an infinitely lon ;4 wiro contaiTiiiif' moving elec- 
trons upon an electron moving parallel to the wire 
is simply inversely as the distanco. Fur lot there 
bo an electron at e (Fig. 21), moving parallel to 
the wiro A B, and lot els bo a small portion of 
the wire. The magnetic force exerted upon e is 

proportioiul to since the electron is not ntoving 

along (Is. The total force exerted by the Y»ottif>n of 
the wire above A in the direction of r is propf)rtional 

to where i is the current and r the distanco. A 

similar force is exerted by the wiro below A, so that 

2 % 

the total force is proportional tf-> — . The magnetic 

force round a wire, therefore, decreases simply as the 
distance increases. It may bo measured by bringing 
another current % within r centimetres of the wiro. 
Then tho force of .attraction exerted upon 1 cm. 
of tho wiro carrying the current i' by the iutiuite 
wire carrying tho current i is 

2 it' , 

- dynoo. 

If both i and i' are 10 amperes, and r is I centi- 
metre, the force is 2 dyno.s. Hence a current equal 
to 10 amjn'iros is called the “ cloctromaguelic unit of 
current strength.” It is ten times tho practical 
unit, tho ampere. 

In practice it is impossible to realise either an 
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intinite wire or a cMinvut eloiiioiil. Wo iinist tlioro- 
fore tiiul a more praetioal method c)f (h tor mining 
tho ampere. 

Take I wo wires, each 100 cm. l*ng. tviui bnul tliem 
into circles. M«>unt them faring each other in 
planes I cm. a})art, and lot them be 
traversed by a* current of 1 amprre 
oaeh. This cun bo socurtal either 
by inserting a small battery some- 
where in each circle, or connecting 
thorn with a battery by means of a 
short break in the circle. If the 
two currents then go in tho same 
direction, they will attract each other 
with a force of 2 dynes. If they go 
in opposite directions, they will repel each i»ther 
with tho same force. 

Hence we arrive at tho following tlijfinition of the 
amju rc. whicli is fpiile independent c)f magnets : - 

An ampere is that current whicli, wln*n traversing 
two circular conductors I iii. in circumference in the 
same direction makc.s them attract e.ach other with 
a force of 2 dyne.s when .separated by a distance of 
1 cm. 

More generally, the attraction between two cir- 
cuits is 

d 

where c is the circumference in metres, i the current 
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in ainpt-ros, and d the distance between the circles in 
conti I Metres. 

VVe thus have two definitions of the arnp6re, one 
as the passage of 8-70 trillion electrons per second, 
which may ho called the chemioal definition, and 
the other as the eurrent which exerts a certain 
inagnotic force, thirf being the ^electromagnetic 
definition of the same quantity. Both definitions 
are consistent and identical ; but of the two the 
chemioal definition is the more fundamental It 
should be remembered that currents can be mea- 
sured with the greatest accuracy, not by their 
mc^etic force, but by the passage of their elec- 
trons through a liquid, as in the electrolysis of silver 
nitrate or copixjr sulphate. 

If tho current were increased to such a pitch that 
the electrons travelled through the wire with the 
velocity of light, tho attraction would be such that 
it would countorbiilance the enormous repulsion 
oxertcii Ixitwecn tho 138 armies of electrons in 
each circuit, which is ina.sked by tho presence of 
tho positive atoms. 

The fact that tho force varies inversely as the 
distance shows that tho two circuits will tend to 
approach each other with increasing force, and will 
ultimately coincide. When one circle is a little 
smaller than the other, the maximum attraction is 
at a distance equal to tho diil'crcnco of their ratlii. 

In every case the magnetic force is at right angles 
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to the (*urrt ni. At any point in spaco tin niat;injtic 
foivo may be moasuroil in dynes by the maxiriiuni 
I’oree experionocil by 1 ein. len^t^^lh «>!' a win' t arrying 
unit current. 

Thus the nnii^utetii* f“rce at the i*ri tro i>t a 
cinle due to a current pas'^iin^ (lirou^di the circuni* 
lereiu 0 is 



r 


This b^riiiula is tlu* h'Uiidatiou ol fho iinMsiin' <‘f a 
curreiil by means *»r a small maj^uot. 

When a eylinder is wound with wiro eanyin*^ 
a current i. the mau'uctic torco inside it is every- 
wliere tlio same, and is espial to *1 tt??/ when^ // is the 
number of turns per cenlimctrt'. Such a cylinder is 
called a sohnoid. It forms an artificial mai^mel 
witliout inui. 

The inaoic iic force cltio to a h»no wire ( arrvinj^ a 
current of one aiii|»crc is I dyne at a distance ot 
1 cm. from it. Idie force is about the same as the 
earth’s horizontal magnetic force. It is tlio force 
experienced by 1 cm. length of a wire carrying a 
current of 10 ainpferes when placed at a distance 
of 1 cm. from the first wire. 

When two currents cross each other at an anglc» 
they tend to coincide with each other and flow side 
hy side in the same direction. Currents flowing 
from or towards the same point attract each other. 
If (Fig. 23, a) the current i were fixed and i movable, 
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lliu latter wolilti bo piillc-il round in the direction 
of till) arrows. If at the in.stant of cro.s.sing i the 
current i' could bo reversed, it would bo repelled and 
twisti d round into the oppo.sito direction. By revers- 
ing ii at every crossing a continuous rotation could bo 
produced, and a machine has been made to do this. If 
(Fig. h ) i' wore only free to move at right angles 



a b 

Kio 23. 

to itself, it would bo Urged in the dirootion of 
the arrow. If i is bent into a Icrizontal circle, and 
I' is movable along it, it will rotate continuou.sly, a.s 
it tloos in a machine devised by Aniporo. 

We have dealt with the electrons moving in 
wires as the most practical cases of cluctro-dynaiuic 
attraction. But the attraction can also ho observed 
with free electric charges. If a number of metallic 
knobs are mounted on an ebonite wheel and charged 
and the wheel is set rotating, the charges form a 
current of strength n e v, whore e is tire charge of 
each knob, expressed in “ armies " or coulombs, n is 
the number of knobs, and v is their velocity. Thus 
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if there arc U'OO kiu>l>s rharjictl with "*00 ( "inpaiuoa 
of electn'iis each (Id ’ nrui}>, and tlio rim velot ity 
is 100 cm. per soeoml, the current is lOd x lOdO 
xlO ’, or Hiiipt-re. Currents of this order have 
been obtained by Rowland by rotating a di.se with 
charged sectors. Two such whouLs or discs attract 
each other just as currents, in wires would ; but 
the attraction <>cing of the order of a millionth 
of a gramme, is almost immeasurably small. 

Electrons also iniluence each other when flying 
free, the magnetic force between them being pro- 
portional to their instantaneous velocities, and in- 
versely proporti(»nal to the square of the distance 
l>etwecn them. If they are moving in parallel lines 
but not abreast, the f<*rco must bo multiplied by the 
sine of the anelo between their direetiuu of motion 
and the lino joining them. If they aro Hying in 
different direetion.s, the force must be multiplied by 
the cosine of iho angle between their directions of 
motion. 

Tho forces between moving electron.s aro tlms 
perfectly determined. They consist of the electro- 
static force, which may ho regarded as invariable, 
and tho electro-magnetic force, which depends 
upon their speed and direction. A clear grasp of 
the play of these two forces is the first essential 
step towards an understanding of elcctro-mognctic 
phenomena. 
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MAONETISM 

• 

We saw in the last chapter that magnetic force is 
due to the steady motion of electrons or cht^rged 
bodies generally ; but that the magnetic force exerted 
by a metallic conductor carrying a current is due 
solely to the motion of the electrons which constitute 
that current. Wo saw, also, that lu^^nctic force is 
only oxerlud on other moving electrons or moving 
charged bodies, but not on olectritied bodies at rest. 

I now intend to show that all magnetism consists 
in the steady motion of electrons in small orbits, and 
that all magnetic properties of bodies can bo ex- 
plained on this principle. By “ magnetism ’’ I 1110.111 
that property whereby btxlics o.xcrt magnetic force 
without any discoverable electric current traversing 
or surrounding them. 

In broad outlines, the electron theory of magnetism 

is as follows : Tho atoms of all bodies arc surrounded 

by several electrons describing orbits round them. 

like tho planets round tho sun. When these orbits 

are nearly in tho same plane, as in tho Solar System, 

tho bodies are “ luagiiotic,” or rather “ paramagnetic,” 

like oxygon and aluminium. When, in addition, the 

>» 
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orbits aro largo enough to influence each other across 
tho average distance separating the atoms, the bodies 
are “ Ibrruuiagnetio,’' like iron, cobalt, and nickel. 
When, on the other hau<l, the orbits of the electrons 
revolving round tho same atom lie in various planes, 
the boil ies aro not j>araiuagnct ic. They aro usually 
dcscriljed ;vs '■ diainagnotic.” Ihit in reality all bodies 
are dianiaguetu-, and paramagnitisin is a s]>ocial 
property which masks tho inherent diamagnetism 
of tho bodies. A j>ertnanent magnet is a para- 
magiietie body in which the orbits of the majority 
of liie elect r< n.s lie in parallel planus, witli tho re- 
volutions in the same sense, and this [tarallulism is 
maintained by the mutual attraction of the orbits. 

Such, in short, aro the main principles of niiig- 
uotism according t(^ tho now theory, which owes its 
successful application to magnetism chielly to I’rof. 
Langeviu, of Paris. 

There is no “ magnetic fluid,” no ‘‘ free inagnctisin,” 
no “magnetic polo.” In tho electron theory, mag- 
netism as a distinct entity disappetirs, being resolved 
int<j the steady motion of olcctrotis. Thus pas.se8 a 
conception which has given rise to nn>ro misunder- 
standings and false speculations than i)crhaps any 
other in tho history of science. 

I explained (p. 15G) that an artiiicial magnet with- 
out iron may bo constructed by coiling a wire on a 
cylinder, and sending a current through it. If the 
current in the wire is one eloclro-magnelic unit ( = 10 
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amperes), and these are ti turns for every centimetre 
length of the cylinder, the magnetic force at the 
Centro of the coil is 4 n dynes. In other words, if i 
is the current and n the number of turns, the total 
current circulating round each centimetre length of 
tho solenoid is ni. This total current per unit 
length wo will denote ’by I electro-niagncl units or 
10 1 amperes. It in ulcntictil with what its kvown 
an the intensity of 'magnetiaation I. 

A body hivs unit intensity of magnetisation if a 
total current of 10 amperes circulates round unit 
length of it, tho length being reckoned in the 
direction of tho magnetic axis. 

We will now proceed to explain how a permanent 
magnet may bo regardorl as a body round which an 
electron current is steadily circulating. 

Tho idea that a magnet is made up of innumerable 
smaller magnets of molecular ilimcnsions is some 
eighty years old. It was put forward by Ampere to 
explain tho fact that however much a magnet is 
broken up, each fragment is a complete magnet. 
Knowing that an electric current attracts or repels 
another, according to its direction, ho assumed that 
each molecule of a magnetic substance was sur- 
rounded by an electric current. Still, regarding 
electricity as an imponderable fluid, ho was unable 
to say what constituted that mysterious molecular 
current. No further light was shed on this matter 

until tho advent of tho electron theory, although the 

L 
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conception of inoKcnlar cnrrcJils was a|'|ilir(t with 
inuuh sncooss to magnetic phunoinoiia hy Wohor, and 
later by Kwing. 

Ainpero furnishoil an injjcnions and stioi cssftd ex- 
planation of how a laroo ntunber of small molooular 
currents eoidd make up a lariio inaijnct. 

If ilio juoloctiles were s<piaiH) in section ami packed 
clos^ together, and each nmleculo had a current 

circiilathig round it in 
the direction of the 

hands of a watch, then 
n small section across a 
magnetic uoetllo, greatly 
niagniKed, might l>e re- 
presented by t ho tliagram 
(Fig. 24). Wherever two 
moloculc.s join, there are 
two cttrrent.s in oppn.site directions, which, of course, 
neutrali.s() each other. It is only the currents «in 
the tree salc.s ol the rnolceules that exert any 

inaonelic cficc* out.-iidc the magnet. The net 

efb'ci is, tlicn.forc, ns if a current crpiul to the 

molccnlar current circnlatcd round the <mtIino of 
the section. It is obvious that, whatever section is 
taken, whether including a largo or stnall nuinl>or of 
ruolccule.s, Lite current roun«l the outline is always 
the same, being c<pial to the molecular current, 
which is invariable. 

For Ampere’s niystcrious molecular currents, let 


t i't t|t tit 4t tjt t|t i!t t| 

t Ct it tjl tit lit tf tit tl 

t l; 1 It t f lit t f tit It l| 

* l» lit it t|t tl Ilf II 4 

Kio. 24. 
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tis now Kubslilnto revolving electrons, or, riitlicr, let 
us ilofiae the molecular eurrent iis a convection of 
elect rifity in the shaj)o of electrons revolving round 
each ]iositivo atom. 

Thu above reasoning remains substantially the 
same. True, the electrons do not describe square 
paths ; hut the crrfir introduced by regarding their 
paths as square is not great, and the convenien'-o of 
calculation is considerably enhanced. As before, it is 
only the electrons circulating in the outline that 
count for external magnetic effect, and the current 
round the section is equal to the molecular current, 
which, in amperes, is equal to the number of armies 
of electrons passing any point of the outline in one 
second. 

This theory can be tested quantitatively as follows 
The calculation is only roughly approximate: but 
although several of the data are uncertain, it show.s 
that the electron theory of inagnctism leads to no 
absurdities when reduce<l to figures. 

A cubic centimet re of iron is .s\ipposc<l, with good 
reason, to contain about 10-* (r>no quadrillion) atoms. 
If there are 10** atoms ranged along one edge of the 
cube, the total number in the cube will be 10-^ Let 
each atom have one electron revolving round it, and 
lot all the circuits face one of the sides of the cube. 
Then an electron current will circulate round the 
four adjacent si<lo,s. The molecular current, reckoned 
in oloctrous per second, is measured by the number 
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of revolutions per second of the olootron round its 
atom. This, as estimated on p. 32, is 2*2 x 10**. 
Multiplying tins number by 10* the number of atoms 
along one edge, we got for the total electron current 
circulating round the cube (in other words, for its 
•’ intensity of inagnolisation ’’) the figure 


i!ocn‘«»ns j>er .sfi-ond. Sijue <>nt‘ atuj'rrc is a (*urn,*nt 
of S Ti* X ckclnfiis ptr sucoml, iliu :ibi)Vc current 
in amperes is 


'2 2x 10 
S-70 .N 10*^ 




It f-ct^nis incrodible that an euormou.s ciimnt 
like that should cirtulalc round a bit <>f iron the 
thickness of one's linger without making it bur.st 
into flame. l»ul, then, we must rojiiumber that 
the current does not heat a wire bceauso electrons 
move in it, but beeuuso their motion, acquired 
under electric force, is stopped by collision every 
now and then. In m.agnctic inctaLs the electrons 
are free to revolve, and in doing so they spend very 
little energy. 

The greatest intensity of magnetisation hitherto 
actually observed is 1700 units, meaning that a current 
of 17,000 amperes circulates round each contimotro 
length of a bar of iron magnetised to saturation. 
The agreement between those two figures — viz. 
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25,100 amperes for absolute theoretical saturation, 
and 17,000 for the highest saturation practically 
attained — is remarkably good. But too much im- 
portance should not bo attached to it. The calcu- 
lation is only intended to show that the electron 
theory accounts for magnetism quantitatively as well 
as qualitatively. To calculate the magnetisation 
of (littbrent substances we shall have to know more 
alxiut the number of revolving electrons per atom, 
the speed of revolution, and the size of their 
orbit. 

I have supposed in the above calculation that 
only one electron revolves round each atom. This 
is on a par with the t»bscrvation that every atom 
is only ca[)ablo of losing one or two, or at most not 
more than three, electrons. But it does not follow 
that the atom only contains from one to three 
electrons. The mr)dem view is that the mass of 
the atom contains a largo number of electrons, 
bound together by some hitherto mysterious body 
of p(»sitivo electricity, Thomson supposes that these 
electrons revolve within the positive body, and 
are iniluencod by magnetic forces. They probably 
circulate in all sorts of planes, thus making up 
a diamagnetic atom in the ordinary sense. The 
detachable electron probably revolves at a greater 
distance, somewhat like Neptune or the comets in 
the Solar System, and it owes its predominant 
magnetic eflect to its largo orbit. As wo shall see, 
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two orbits influenoo each other in proportion to 
their areas. In forroinagnetio bodies like iron, a 
few electrons must possess exceptionally large orbits. 
In soft, unmagnetised iron these orbits face every 
way, or are bound up together in small groups. 
When the soft iron is brought into a field of 
magnetic force, ^tho orbits, or wliat wo may call 
ihe moleeuliir currents, arc drawn round till their 
own magnet ie fields coincide wfith the external field, 
'rho iron is then ‘‘ imigruitised.’' Needless to say, 
the adiliiinn ni* all the molecular fields to the ex- 
ternal tield greatly strengthens the original field. 
It would require very exceptional contrivances to 
make a current of 2.*’»,000 amperes circulate round 
a narrow tube. It is quite impossible with purely 
electrical means to got such a current to cireiilato 
within a s])aoe of a cubic centimetre. But by calling 
in the aid of tdie molecular currents— ready-madi? 
currents, which only require “turning fui’* — we 
obtain the powerful magnetic fields with which the 
eleetro-magnel is associated. 

When the external magnetic field is removed, it 
may liajjpen that most of tho molecular currents 
remain in their new ])ositions, being hold there by 
their mutual attractions. In that case wo have 
what is called “residual magnetism.” In soft iron 
this residual magnetism amounts to about 80 per 
cent, of tho magnetism induced in fairly strong 
fields. But the slightest tap or other mechanical 
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disturbance makes the molecular currents swing 
back into their higgledy-piggledy state. In steel, 
on the other hand, the residual magnetism b held 
even when the field b reversed untU the field 
acquires a considerable strength. Thb indicates 
that in steel the orbits are so large, or so close 
together, that when they are once in line a con- 
siderable force is required to turn them into other 
positions. 

This brings us to the consideration of magnetic 
“moments.” The turning couple experienced by a 
molecular current, or any other electric current in 
a magnetic field, is proportional to its magnetic 
inoinent. This moment b made up of two factors, 
one of them being the .strength of the etirreni, and 
the other the area round which it circulates. If the 
strength of a molecular current is 10 ampt res, and 
its area is 1 sq. centimetre, it experiences in a unit 
magnetic lield a maximum couple of 1 d3’ne-cm. 
Generally, a circuit of area A, and current strength /, 
has a momenta A i. 

If the current in a solenoid is I elect nvmagnetic 
units per cm. length, its sectional area A sq. cm., 
and its length I, then its magnetic moment is lA/. 
The prodmtt lA or (current per unit length) (.sectional 
area) is called the “ptde strength” of the solenoid 
or other magnet. The name is justified by the 
fact that, as fiir as the external force of the uutguet is 
concerned, it may be ascribed to two centres, situated 
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at or near tho two froo ends of tho juai'not, and of 
a *■ strength ” equal to tho product of the nuvguotic 
intensity into tho area. But those pole.s are more 
mathematical fictions of a high tlogreeof artificiality. 
When tho bar is twisted into a complete circle, the 
poles disappear, although the molecular currents 
reiuiun nearly tho same as before. 

The magnetic moment of a bar magnet of length 
I and pole-strength lA is lAi, Or if m is put for 
the pole-strength I A, the moment is mL Hence 
the moment of a bar nnq'not may bo mciusurcd by 
multiplying its pole-strength by its length. A unit 
magnetic polo is possessed by a bar whoso sectional 
area multiplied by tho total current circulating 
round it per unit length is unify. 1’hus, if I/ip 
nii'ilti'uUir rvrrmtx circtdutiitif rainitl a Ixir of I 
sq. Cm. sec(i‘>'i> ‘I mov/nt In 10 n m/txiTx jcr cm. IciH/fh. 
thnf Ixir Ini.’i Unit muqitctic poles. If it is 1 cm. long 
it has unit magnetic moment. 

The miignotic moment dotorminos tho magnetic 
force exerted by a magnetic circuit or a solenoid at 
any jioint far away from it in comparisoti with its 
length. If any such point is chosen at random, 
the force increases in direct proportion to tho 
moment. Thus, tho force exerted by a small bar 
magnet or magnetic needle may bo doubled by 
df)ubling either its length or its polo-strength. Tho 
force exerted by a molecular ctirront or other small 
plane circuit may be doubled by d<jubling either 
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the current or the area. In both cases the process 
is es'.euliully the same. In the bar majpiet the 
current can only bo doubled by doubling the length, 
since the molecular currents cannot be altered. The 
polo-strength can be doubled by doubling either I or 
A. If steel bars are used, I is limited by a certain 
maximum (17,000 am^rcs per cm.^length), and the 
pole-strength can only be doubled by doubling the 
area, as in the case of the circuit. The analc^y 
between circuits and magnets i.s, therefore, very 
far-reaching. The differences between them are 
due to tho great strength of tho molecular currents. 
This groat strength, while offering many advantages, 
suffers under the drawback that tho molecular cur- 
rents easily fall out of alignment, thus leading to 
demagnetisation. Tho solenoid or other artificial 
magnet i.s much feebler than tho nuagnet containing 
iron, but more reliable than tho permanent magnet. 
'I'ho best and strongest magneUs are made up by 
combining lM)th forms, thus offering the certainty 
of tho solenoid and tho strength of the iron 
magnet. Such combimations, conslruciod by wind- 
ing a current -bearing wire in many turns round a 
soft iron core, are well known under the name of 
electro-magnets. 

To make tho analogy between magnets and sole- 
noids more clear, it is necessary to go a little further 
into the nature of a magnet jxde. The conception 
of polos, though misleading in many ways, has also 
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had its uses. It has furnished a convenient abbre- 
viation for many physical terms, and has served to 
give us some idea of the action of a imu^netic held 
upon a magnetic needle. But when that conception 
was strained in order to account for the nature of 
magnetism, it not only failed, but retarded actual 
progress in that direction for j'onerations. 

The magnetic action of a long and thin solenoid, 
like that of a long and thin magnet, may bo sup- 



posed to be ouiicontrated at two jioinls very near 
the ends, which aro calle«l it.s polos. But every 
turn of the solenoid, like every .section of the mag- 
net, exerts its magnetic force f/ut/c i itihpfiuh'iUlfi of 
any other turn or sect i<»n. Its action i.s not abolished 
or “ neutralised ” l»y that of any other part. It per- 
sists inLact, and if a turn in the centre of a solenoid 
appears neutral, it is only because we are not using 
the proper means of demonstrating its magnetic 
action. 

That the action appears to bo concentrated at 
the poles is, so to spc.ak, an ilIu.sion, duo to the 
peculiar way in whicli the actions of the individual 
turns sum themselves up. 
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Consider two solenoids of equal length, but dif- 
ferent thicknesses (Fig. ^25), placed one inside the 
other. The electron currents, when looked at from 
the left-hand end, all appear to revolve in the direc- 
tion of the hands of a watch. They therefore all 
attract each other, and since they are already as 
close together as they can be, they will not alter 
their relative position if they are free to move. In 
other words, there is no resultant force upon them ; 
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they are in a position of equilibrium. Now let the 
smaller solenoid l>o pulled part of the way out of 
the larger one (B'ig. 20). Then the two p>rtions 
between 11 and C are in equilibrium with respect 
to each other as before; but the portions A B 
and C 1) are not. The portion A B attracts every 
turn in the smaller solonoul. The attraction is pro- 
portional to the moment of each turn of the larger 
solenoid, and inversely proportional to the euW of 
its distance. On the other hand, the attraction i$ 
directly proportional to the numl>cr of turns Itetwecn 
A and B. If A B = I, wo therefore have the attrac- 
tion proportional to and also to I itself. The 
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result is that it is proportional to or 1//'-. It is 

inversely as the square of the distance. 

The above reasoning supposes that the length 
of the solenoids is great in comparison with their 
diameters. This provision need not disturb us, 
since without it wo cannot speak of poles at all, 
even in bar magnets. 

If one of the solenoids is reversed, tho attraction 
will 1)6 converted into a repulsion, an<l tho smaller 
one will ha cxpollod from the larger one. If, how- 
ever, tho two .solenoids are laid alongside each other 
in the .samo direction, currents proceeding in tho 
.same direction will ho adjacent to each other, and 
will attract each other. If the solenoids are placed 
.side by .side, but not end to end, they will tend to 
move so as to bring their ends together, in order to 
have the attracting currents as close together and 
as numerous as ])ossiblo. Hero, again, wo have the 
illusion of polar action. But since tho currents 
have only one point in contact, the attraction is 
much feebler than when one solenoid is inside the 
other. 

Tho inverse square law may bo deduced from a 
general principle of tho integral calculus. This 
principle, which is capable of many useful applica- 
tions, is as follows : When a force exerted by an 
infinite line upon a point outside it varies as the 
■nth power of tho distance between tho point and 
an element of the lino, the total force exerted by 
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Ihe infinite line varies as the (n + l)th power of 
the distance between the point and the line. Thus, 
if the point is an electron and the line is a line of 
electrons, the repulsion between the electron and 
each element of the line varies inversely as the 
square of the distance — i.e. as the (— 2)th power of 
the distance. Hence the total repulsion varies as 
the (— l)th power of the distance— i.e. inversely as 
the dist.nnoc. 

The magnetic force exerted by a small circuit 
varies inversely as the cube of the distance. Hence 
the inagnelio foi’ce exerted by an infinite lino threaded 
with such circuits varies inversely as the square of 
the distance. Since, in the case of a circuit placed 
outside an infinite solenoid, the force is parallel to 
the solenoid itself, and equal in both directions, the 
two halves of an infinite solcnoitl will compensate 
oatih other, and the resultant force will be zero. 
But if the solenoid is infinite in one direction only, 
a resultant force will apjiear, which is invor.scly pro- 
portional to the square of the distance from the end. 
Thi.s force will be apparently duo to the existence of 
the end. It will bo greatest at the end, and will 
appear to bo concentrated there. In short, the 
illusion of the magnetic “polo” is complete. 

Let this end bo dipped into iron filings. It will 
magnetise some of thorn, and enable them to adhere 
to each other. The adhesion will be strongest where 
the molecular circuits can place themselves in paral- 
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lolisni with tlio soloinnd circuits, so as to fonii wliirls 
of molecular currents procoedinjj; from tin end of 
the solenoid. The si»leiu>id has “polos'* just as a 
bar magnet has, neither more nor loss. 

The pole-strength is unity, as shown above, wlien 
the product of the sectional area of the solenoid into 
the total current carried pev cm.-longth is unity. 
If the sectional area is one square millimetre, the 
current per cm.-length must be 100 electro-inagnetio 
units, or 1000 ampi res, since 1 sq. cm. = 100 sq. mm. 
The pole of the solenoid is then a unit polo. The 
pole of a magnet of the same section, with a mole- 
cular current of 1000 amperes circulating round it 
per cm. -length, is also a unit pole. Ih)th unit prdes 
have an important property. .^1 unit vuvjnetir 
pbn'itl at if, dlsiinicf af 1 cm. in air from avnthrr 
uvit pnJr ilf the .sign, repds it witk (hr purr of 

itnr f! jjnr. 

This is the law upon which the “ clectro-magnetii;’* 
system of units has been based. The “ electr<»static” 
system, on the other hand, is based upon the inverse- 
square law governing the forces between (piantitios 
of electricity. The establishment of two dilloront 
systems of units was unavoidable before inagnotisiii 
had been reduced to electrical principles. But it 
was unfortunate, and it considerably increased the 
difficulties of the learner. The whole of the mag- 
netic and electric units can now bo reduced to terms 
of electric quantity. The volt, ampere, ohm, cou- 
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loinb, aiifl other practical units arc retained intact; 
hut instead of basing them upon a rnatheinatical 
abstraction like a magnetic pole, they will be inter- 
preted in terms of Nature’s own unit of electricity, 
the electron. 
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INDUCED CURRENTS 

t 

We have hitherto only considered steady currents, 
whith, in niotals, are constituted hy the motion of 
electrons only, with a constant avera^^o velocity. 
This motion takes place in a direction opposite to 
what was hitherto described as the direction of **tho 
current/' and gives rise to a magnetic force in the 
surrounding space, which Ls proportional to the 
momentum of the electrons. 

We have next to consider the case where electrons 
are started or stopped — in other words, whore the 
current varies. 

Now, wo know that all electrons in a wire are con- 
stiiiitly being stopped by collision with neutral atoms, 
and sUirted again along the electric held of force lus 
soon as they are liberated. But those starlings and 
stoppages make no dilTercnco to the external magnetic 
action, since they are so exceedingly nuiriorous, and 
all stages in the process are ropresontod at any given 
instant. On the whole, the external effect is just as 
if the electrons wore moving with a steady speed 
through the wire. The only indication wo have of 
the actual collisions is the heat developed in the 

X76 
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wire, wliicli rcjn'csonts the energy of motion trans- 
formed into heat when the electron is stopped. But 
what happens when all the electrons are stopped at 
the sume instant ? 

What does happen is very much like what happens 
when any larger body is stopped. The energy of 
motion is transformed into some other form of 
energy, and is eventually radiated out into space 
in the form of heat or other ether wavea 

The kinetic energy or energy of motion of a 
ponderable body is equal to half the product of 
its mass into the square of its velocity = ^ mvK 
Thus, the kinetic energy of ono gramme moving with 
a velocity of 1 cm. per second is ^ erg. In other 
words, by stopping it we may make it perform 
half an erg of work. It also takes half an erg of 
work to impart to the gramme a velocity of 1 cm. 
per second. This amount of vrork is done when- 
ever wo exert a force of 1 dyne over a distance 
of .J cm. 

On this principle, let us calculate the energy of 
motion of an electron. Its nuvss is taken to be 
O’G X lO"-^ gramme (.see p. 23). Its velocity can 
never exceed that of light, which is 3 x 10*® cm. per 
second. Hence, the kinetic energy of the electron 
can never bo greater than 1 x 0-6 x 10‘-' x 3® x 
10‘'*® or 2’7 X 10'^ erg. Similarly, the kinetic energy 
of a “ company ” (ono electrostatic unit) of electrons 
is always loss than 800 ergs, and the kinetic energy 
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of one coulomb, or " army," of electrons is always 
loss than 2*38 billion crj's. 

The amount of energy required for imparting a 
given veh)city to an electron is, however, atlectod by 
a niugnotic iiold. That this must bo so is evident 
from the principle of the cousoi'-ation of onen y. 
When an electron moves parallel to a current-boar.ng 
wire in the same direction as the electrons in the 
wire, it is attracted towards the wire. In other words, 
it possesses an energy of positioir (.>r potential energy) 
in addition to its own energy of motion. This energy 
of po.sition is directly proportional to the velocity of 
the electron, since the attraction between it and the 
wire is directly proportional to that velocity. It is 
also proportional to the momentum of the electrons 
in the wire — in other words, to the magnetic field 
generated by them. 

It is, therefore, more difficult to start an electron 
in the same direction as other moving electrons than 
to start it in empty space. It rc(iuircs more energy, 
more expenditure of work. The excess is directly 
proportional to the magnetic field created by the 
electrons in the wire, or simply to the magnetic field, 
howsoever created. 

Matters can bo set right by imparting an extra 
amount of momentum to the electron in proportion 
to the magnetic field. This momentum may bo im* 
parted to it by bringing a force to boar upon it for a 
definite time. Now, a force acting for a certain time 
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produces what is called an “impulse." A force of 
one dyne acting for one second produces an impulse 
of one dyne-second. If it acts upon one gramme, it 
produces in it a velocity of one centimetre per second. 
Acting on a kilogramme, it produces a velocity of 
inVff second. Acting upon a milligramme, 

it imparts to it a velocity of 10 metres per second. 
In every case, tho same impulse produces the s/imo 
momentum. 

In order, therefore, to start an electron through a 
magnetic held, an extra impulse has to bo given to it 
in proportion to tho strength of the magnetic held. 
Now, if tho electron is alre.ady in motion, and a 
current is suddenly sent through a neighbouring 
wire, a magnetic field will be created round the 
electron. If it fails to receive the necessary extra 
impulse, tho impulse will be deducted from its own 
velocity. Tho debt has to bo paid somehow. 

If, instead of a single electron, there is a crowd of 
them moving in another wire, tho state of thing.s will 
bo the same. When tho magnetic held is started, 
they all receive a set-back. Their velocity is reduced 
by a certain amount proportional to tho magnetic held. 

If the magnetic held is reversed, the impulse 
is also reversed, and instead of a retardation the 
electrons receive an acceleration of tho same amount. 
In both cases tho impulse is in tho direction opposite 
to that of tho current in the wire, and proportional to 
that current. 
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This is (he prineijile of dectro-magnelic indaciwn, 
or the prtxliuiion of currents by chanyes in other 
I'litTents. 

Tho fuudiiiucntal phonninona of induced currents 
were discovered by Faraday, anil rorinulatod by him 
in the languaj'e of “lines of force.” I have so far 
avoided this expression in order to eoncontratu atten- 
tion upon tho events happening within tho conducting 
wire. I shall now introduce it, but with tho restric- 
tions atid limitations imposed by tho new atomic 
theory of electricity. 

When a sheet of paper is laid over a bar magnet 
and dusted with iron filings, tho filings arrange them- 
selves in curved lines, which approximately represent 
the direction in w'hich a free magnetic pole would 
travel if placed in tho magnetic field. The.se linos 
are called “ lines of force,” because tho tangent at any 
point of one of the curves ropre.sents the direction in 
which tho resultant magnetic force would urge tho 
free magnetic pole. 

Now, Faraday imagined that all space round a 
magnet Ls filled with some invisible lines correspond- 
ing in direction to these lines of iron filings. To 
these ethereal lines ho ascribed a physical reality and 
physical properties, such as a tension along them and 
a prcs.sure at right angles to them. He was thus en- 
alded to “explain” a variety of magnetic phenomena, 
or, rather, to summarise them in the light of his 
fundamental assumption of physical lines of force. 
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It cannot bo denied that the conception of lines 
of force has been of grejit practical utility. It has 
enabled engineers to visualise the happenings in a 
magnetic field. In the hands of Maxwell and his 
brilliant succes.sor at Cambridge, the method of lines 
and tubes of force has been used to describe and 
measure magnetic phenomena with marked success ; 
but, so far, all attempts to demonstrate tbeir real 
existence in the ether have utterly failed. The very 
fact that a unit magnetic field can bo arbitrarily 
defined as containing a certain number of lines per 
.square centimetre implies that these lines have no 
real existence. 

Within a permanent magnet there is very little 
doubt that the molecular currents are mostly ar- 
ranged in rows with their axes in the .same line, thus 
forming magnetic filaments, or elementary solenoids. 
These, at all events, really exist. They number 
about 10'® per square cm. of cross-scction, and that 
number measures the intensity of magnetisation. 
The lines of force that are supposed to continue 
them outside the magnet may be used to measure 
the magnetic force at any point outside. It is 
simply equal to the number of lines vertically cut- 
ting unit area at that point. A unit-magirot polo 
is defined as a polo emitting Air lines of force, so 
that there is one lino passing through every sq. cm. 
of a sphere of 1 cm. radius described about it. This 
definition at once shows the purely arbitrary char- 
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actor of tho assumptions made ; but it enables us to 
state the law of olcctro-mognotic induction in a torso 
inannor, as follows : — 

The iiupidso of elect ro-niaj'notic induction pro- 
duced by the creation or destruction of a magnetic 
tielil is at ri^ht angles to the lines of force, and 
proportional to their density. When their density 
is changed it is proportional to tho difference of 
density. 

It does not matter how tho field is made to vary, 
whether by moving tho current-boaring wire, vary- 
ing the current, or moving a jiermanent magnet. 
The impulse of induction is proportional to tho 
change in tho hold — i.e. the change of density 
and direction of tho lines of force. 

The simplest cases to investigate are those in 
which tho magnetic field is uniform. Wo have 
seen above (p. liiO) that the field insitlo a long 
solenoid is 47r7U units, where i is the current tlirough 
the wire, and n the number of turns per cm. 'I’liis 
field is nearly the samo at any point within the 
solenoid, and is independent of its diameter. We 
will, therefore, operate with a largo solenoid 10 cm. 
in diameter, having ten turns to tho centimetre 
length, bearing a current of 10 ampfircs, and having 
a total length of 1 metre. The magnetic force 
inside it will then he 4 7r x 10 x 1, since 10 amperes 
are just one electro-magnetic unit of current. The 
magnetic force inside will be 12G units, or about 
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GOO times the earth’s horizontal magnetic force in 
our latitudes. In the language of the “ lines of force," 
there will be 12G lines of force penetrating every 
square cm. placed across the axis of the solenoid. 
The total number of lines of force through the sole- 
noids will be 126 x its area. The radius being o cm., 
its area is 25 w, or 78'4 sq. cm. Hence the total 
“ lines ’’ passing through its interior amount to 9880. 

Let a small circle of wire of radius 1 cm. be placed 
within the solenoid, with its plane at right angles 
to the axis of the solenoid. Its area will then be 
8'1416 sq. cm., and the number of lines of force 
passing through it will bo 3’141G x 126 = 390. 

When the current in the solenoid is broken, its 
magnetic field i.s supprcs.scd. The electrrms in the 
circle of wire thereupon experience a force tending 
to make them circulate in the same direction us 
the former current in the solenoid. It is just as 
if part of the momentum of the electrons in the 
solcm)id hsvd been transferred to those in the circle. 
Now, the rate of transfer of this momentum will 
vary, of course, with the rate of stoppiigo of the 
original current — i.p. with the rate of change in 
the magnetic held. The amount of momentum 
transferred varies with the extent to which the 
magnetic field created by the solenoid is covered. 
If matters wore reversed, and the circle bore the 
original current, the solenoid woidd receive the 
whole of its electric momentum on stoppage of the 
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current. But, as it is, the circle will only receive 
a portion which is proportional to its area, and the 
rate at which it receives it measures the electro- 
motive force •“ induced ” in tlio circle. 

We have thus arrived at these two iinix)rtant 
principles : — 

1. The induced E.M.F. is proportional to the rat*' 
of change of iho mav'netic field. 

2. In a uniform licld, the induced E.M.F. is pro- 
|ortional to the area of the circuit into wliich it is 
induced. 

Fara<lay’s conception of lines of force enables us 
to coinbino thc.se two principles into a sinyle rule, 
worded as follows; — 

Thu E.M.F. induced in a circuit by a chavyr 
of 'iiuojnelic fiehl intcmdly in 'proiiortionaf In the 
'number of llnc.i of force added to, or withdrawn 
from, its area in the unit of time. 

Thus the starting or suppression of the 369 lines 
of force passing through the area of the circle within 
one second will induce in the circle an E.M.F. of 
one 396 units. These units, it should bo stated, 
are not the volt or practical unit, but the 
electro-magnetic unit of 10'® volts. The E.M.F. 
will, therefore, bo very feeble, and, indeed, all 
but undi.scovorablo. But it can be increased by 
shortening the time during which the change in 
the field takes place. If the current were broken 
in a millionth of a second, the E.M.F. would be 3*96 
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volts. If, instead of one circle of wire, there was a 
short coil of 10 turns, the E.M.F. would be 39’6 volts. 

The cwi'rent through the circle of iron depends 
not only upon the induced E.M.F., but also upon 
the resistance of the wire. If the induced E.M.F. is 
3’9G volts, and the resistance O'OOl ohm, the current 
strength will bo 39G0 amperes. But this current 
will only last as long as the E.M.F. lasts — i.e. for 
one-inillionth of a second. Hence the quantihj of 
electricity passing any section of the wire circle is 
not 30G0 coulombs, but 0-00390 coulombs. But 
this quantity is quite independent of the rate of 
change in the magnetic field. A slow rate of change 
means a small E.H.F., but a current mure lasting in 
proportion. Hence we got the simple rule: The 
quantity of electricity p.'i.ssing any section of a con- 
ductor is proportional to the change in the uumber 
of magnetic lines of force pa'^siug through the area 
of the circuit. 

The “ number of linos of force passing through an 
area” is called the “magnetic fiu.v’’ through that 
area. Hence the quantity of electricity passing is 
measured by the change in the magnetic Hux 
through the circuit. As long .as the luciguctic flux 
goes on changing tho electricity passes through the 
circuit, and its speed depends upon tho rate at 
which the magnetic force changes. Its direction 
is determined by tho direction of the magnetic field. 

The direction of a m.agnctic field is determined by 
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reference to the earth. The body of the earth is 
itself a magnet, and it has a north and a south 
magnetto pole. Every permanent magnet has also 
two poles, and much confusion has been occasioned 
by the various methods of naming them. When it 
was known that unlike poles attract each other it 
was thought to bo most logical’to call that end of the 
magnetic needle which points towards the north its 
so\un pole, and the south-seeking end its north pole. 
But popular usage adhered to the practice of calling 
the northernmost polo the north polo, and ince rersd. 
This practice is even now adhered to on the t’onli- 
neut. The best way out of the difliculty is tiiat 
suggested, I believe, by Silvanus Thomp.son, who 
calls the north end of the needle the north-seeking 
pole and the south end the .south-seeking polo. This 
is clear iind precise. But all thc.so ambiguities aro 
avoided if wo refer all definitions to tho motion of 
electrons. If a zinc and copper couple arc floated in 
dilute sulphuric acid, and the wire joining them is 
turned into a coil, that coil turns its plane in a 
direction at right angles to the magnetic meridian 
and in such a manner that tho zinc is towards tho 
east and the copper towards tho west. This moans 
that the electrons in the upper wire flow in the 
direction of tho sun’s motion in tho heavens, and in 
the lower half of the coil they flow from west to east. 
Hence the electron current in tho earth’s surface also 
flows from west to east, or contrary to the sun’s 
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apparent motion. It flows, in fact, in the direction 
of the earth’s revolution. Now, it has been proved 
that the mere rotation of a negatively charged sphere 
about its axis generates a magnetic field at its surface, 
and it might be supposed that that is the origin of 
the earth's magnetism ; but a simple calculation, on 
the basis of the earth’s high electrical potential, 
shows that the earth’s motion is only cap.able of 
accounting for about one ten-thousandth part of ‘the 
actual magnetic field. The actual field ap^^ears to 
bo duo partly to discharges from and into interstellar 
space, and partly to thermo-electric effects. It is 
known that, when a point in an iron wire is heated, 
and the slope of temperjituro is steeper on one side 
than on the other, there is an electron current frum 
the steeper to the less steep side. Now, such a 
difference of steepness is actually observed in the 
case of the earth. The ri.so of temperature in the 
morning is more rapid than its fall in the afternoon. 
The point of maximum temperature is under a 
meridian about 30° cast of the sun’s position, and 
there is a steep teinperaturo gradient towards the 
west., and a flatter gradient towards the east. If the 
earth behaves like iron in this respect — and iron is 
one of the commonest constituents, not only of the 
earth, but of other hc.avenl)' bodies — w'o should expect 
an electron current to pa.ss from west to east. This 
would explain the larger part of the earth’s mag- 
netism ; but, of course, nobody can claim that it gives 



I8S TIIR KIXIVTRON TIIKOHY 

a complete cxplauat um until wo can tost it witli some 
(plant itativo riiridily. In any case, it is nselul to 
remember that the oleclrou current round the earth 
proceeds from west to c;ist, coimtor-sunwise (Fig. 27). 
In a magnetic needle, M, the electron current runs 
so that on its side nearest the ground the electrons 
run in the same djroction ns they do in the ground. 

Whenever, therefore, a 
north - seeking pole of 
a needle points towards 
us, wo know that the 
tdocUron current revolves 
round it in the direction 
of the hands of a watch. 
And when the end of a 
.solenoid points towards 
us, and the electron eur- 
ront, on its way from 
tlio zinc t.<» the copper, 
pas.scH round it cloek- 
wi.se, we know that that 
solenoid, suspended or 
floated freely, will point the .same end towards the 
north. A smaller solenoid within it will have a 
current in the same direction induced in it when 
the main current is broken, and a current in the 
opposite direction when tho main current is started 
again. 

Since the electron current in tho wire consists of a 
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vust iHiinbcr of moving electrons, it may be regarded 
its a bimdlu of innumerable conductors ot very small 
diarnet er, and it is evident that these will indiicncu 
each other. It will bo more difficult to start a 
current in a thick wire than to start the same 
aggregate current in a number of thin wires taken 
separately. The phenbjuenon whereby a current in 
a wire hinders its own increase or decrease is called 
self-induction. It is measured by the “ coefficient of 
self-induction,” or, shortly, the “ inductance,” and is 
numerically equal to the magnetic flux through the 
circuit when unit current flows through it. In a 
long straight solenoid traversed by unit current (10 
amperes), the magnetic force is 47r»j,whorc n is the 
number of turns per unit length. If A is the area of 
the section, the number of lines of force p.xssing 
through each turn is 4 mik ; and since there are n 
turns per unit length, the number of lines is 4 ttu-A, 
so that the inductance of a solenoid of length I is 
4 71 iiHA, Thi.s is equal to twice the energy in the 
magnetic field due to unit current. 

The inductance may bo enormously increased by 
putting an iron core into the solenoid, a.s in that case 
the lines of force due to the molecular currents are 
added to those of the solenoid. 



CHAPTER X 

RADIATION 

Hitherto wo havo cnnsi<Ierod electric actions with- 
out reference to tho titno taken in transmitting thoiii 
from one place to another. Wo have dealt with 
them as wo would with the phenomena of j^ravi- 
tation. It is known from astronomical observa- 
tions that gravitational force is transmitted throui^h 
space with a jiractically infinite velocity, a velocity 
so cereal that wo cannot discover any time interval 
elapsini;^ botw'ceu tlie establishment of a ]L(iveu con- 
fii^uration of ^gravitating uia.ssos and tho action of 
tho gravitational force predicted l^y Newtoifs law. 
It’, for instance, gravitation wore transmitted through 
space with the velocity of light, tliere would bo a 
certain retardation or lag of tho force between two 
celestial boilics behind their geometrical positions. 
If a body were falling towards tho sun and wore 
crossing the earth’s orbit, tho force exerted by tho 
sun upon it at every instant would not bo tho force 
duo to its position at that instant, hut would be tho 
force due to the position it occupied eight minutes 
before that instant, since the gravitational force 
would take eight ininutos to traverse the distance 
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between the sun and the earth's orbit. Such a lag 
would upset ail calculations based upon Newton’s 
simple law of attraction, and could not fail to be 
discovered. 

It was thought 'for a long time that electric and 
magnetic forces were propagated instantaneously 
throughout observable space, or, at least, with the 
speed of gravitational force. In that case a mag- 
netic field produced by exciting an electromagnet 
woidd no sooner bo established in our laboratories 
than its infiuenco would extend to the sun and the 
fixed stars. Likewise, if wo could suddenly create 
or dc.slroy a lump of matter, an increa.se or dimi- 
nution of gravitational force would bo instantly felt 
throughout the universe. 

If a magnetic-field wore to oscillate between a 
maximum .and a minimum value, its infiuence at 
any point outside oscillates at the same rate : but 
the distance between two successive maxima of 
infiuonce depends uj)on the rate of its propagation. 
With an infinite speed, the “wave-length” or distance 
between successive maxima would be infinite. If 
we had any moans of creating or destroying m.atter, 
we could produce gravitational waves of infinite 
wave-length. But the science of optics has made 
us familiar with a velocity of propitgation which, 
though very largo, is still quite motsurable. It is 
the velocity of light, which is 3 x 10*® cm. per second, 
or 186,000 miles per second, and the experiments of 



192 THB KIJ'XTKON THEORY 

Hertz have proved that a nutgnotic field is pro- 
pagated outwards with that velocity. This moans 
that when a magnet is made and unmade, waves of 
magnetic force travel out into space with a wave- 
length proportional to tho time' elapsing l)otwoen 
two successive makes or breaks. If a break occurs 
every eight minutes, tho wave-length is equal to tho 
distance of the earth from tho stin. If it occurs a 
I'nlbixu times ptir second, the wave-length is aisnit 
one-sixlh of a mile. 

'I'liero is thus a clo.so analogy between tho pro- 
pag<iti'>n of light and the propagation of inagnotic 
force. I’olh proces.ses may bo classed under tho 
word ‘radiation,” which may bo defined .'is a pro- 
ce.ss in which a disturbance is prop.agatcd through 
space wilhotil the intervention of ponilerahle matter. 
Light-rays, heat-rays, and rays of magnetic force 
come under this heading. Cathode rays do not, 
since they arc simply projectetl electrons, nor canal 
rtvys, since they arc projected jto.silivc atoms. 

We have in the previous chapters become familiar 
with three electric actions at a disUmce: (t)Ele('tro- 
static force, or the force between charged bodies 
at rest. (2) Magnetic force, or the force between 
charged bodies in steady motion. (3) Inductive 
force, or the force between charged bodies under 
acceleration. 

The second and third of these forces do not come 
into play until electric charges — i,e. electrons or 
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positive atoms — are moved. Since we can produce 
such motion at will, wo can determine the velocity of 
propi^ation of these forces by the methods employed 
in determining the velocity of light without the aid 
of heavenly bodies, or by somewhat similar methods. 
But we cannot cither create or destroy an electric 
charge. Electricity is hot a mode of motion. It is 
as indestructible as matter itself. Hence we cannot 
determine the velocity of propagation of electrostatic 
force by purely terrestrial experiments. If wo knew 
the exact value of the electric charges of the planets, 
there would bo a faint chance of discovering a finite 
rate of propagation of the electrostatic force between 
them; but wo have already seen (p. 70) that that 
force is insignificant in comparison with the gravi- 
tational force between them. 

Wo cannot, therefore, say anything about the rate 
at which electrostatic force is propagated. Like that 
of the other static force, gravitation, it may be 
infinite ; and wo have as much right to speak about 
electrostatic rays or waves as wo have to speak of 
rays or waves of gravitational force. 

But the rate at which the dynamic forces (2) and 
(3) are propagated is well known. They are pro- 
pagated through space with the velocity of light, and 
if any matter containing free electrons or positive 
atoms intervenes, their rate of propagation is lessened, 
just as the velocity of light is diminished under the 
same circumstances. 

N 
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Consider two parallol wires of iutinilc leiij'th.alony 
whicli eloelrou currents move in the siiine dirocliou. 
There is a maonotic ultraelion between thcin wliich 
remains constant as lon^' us the currents remain the 
same. There is no electrostatic force, and no in- 
ductive force between them. The magnetic force 
being steady, there are no magnetic waves, no mag- 
netic radiation. Hut lot the current in one wire, 
•“•ts-Lich we will call A, diminish steadily to zcn», then 
the magnetic Held will also decrease steadily to zero, 
and the magnetic force betwoou the wires will vanish, 
it is interesting to note the precise manner in which 
the magnetic force vanishes. The magnctii; |V>rco is 
conditional upon the existence of two magnetic 
lields, each due to an electron current. 

When the current in A falls to zero, the magnetic 
field of A vanishes at the sanm instant. Hut only at 
the wire it.sclf. It takes some time to vanish in 
regions some distance away from the wire. At H 
it only vanishes after an interval of time, which 
depends upon the distance between A and H. If 
that distance is 186,000 milc.s, then the nu^fnetic 
force on B persists for one second after the current 
in A has ceased to flow. The decrease of magnetic 
force in A thus produces a pulse of demagnetisation 
extending into infinite space with the velocity of 
light. This pulse is accompanied by a pulse of 
inductive force. As wo have seen in the last chapter, 
an acceleration or retardation of electrons in a wire 
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produces a displacement of electrons in the •)pposite 
direction in a neighbouring wire, the displacement of 
electrons across any section of the wire being pro- 
portional to the change in the strength of the mag- 
netic' field. We have, therefore, two different effects 
produced in B when the current in A diminishes to 
zero. 

(a) The magnetic force between A and B diminishes 

as the current in A diminishes. • 

(b) The electrons in B undergo an inductive 
acceleration in the direction of the main current 
while the decrease in A continues. 

In (a) wo have, therefore, a steady diminution of a 
force acting in the line joining A and B. In (0) wc 
have a steady force acting at right angles to the line 
joining A and B, and la.sting only as long as the 
current in A is undergoing' a change. The forces (a) 
and {b) are in the plane of the two wires, but are at 
right angles to each other. 

Now, the force (a) is a “magnetic” force, and is, 
by the older methods, measured iis the force upon 
a magnetic “ pole." But the magnetic lines of force 
are supposed to mark out the lines along which a 
“free magnetic polo” would travel. There is no 
such thing as a free magnetic polo; but if there 
wore, it would revolve round and round a current- 
bearing wire. The magnetic linos of force will there- 
fore cut tho plane contaming the wires A and B at 
right angles. Hence it is usual to say that the 
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magnetic force is always at right angles to the 
“electric” (inductive) force, and both arc in the 
plane of the wave front — i.e. in the plane normal to 
the direction of propagation. Since in the mo<lern 
theory all magnetic forces are resolved into forces 
on moving electrons, the magnetic force acts in s ho 
direction of propagation of the* wave. It is a “longi- 
ludinal'’ force, while the inductive forco is a “trans- 
*reric'' force, and only the latter is In the plane of 
the wave- front. 

These cfmsidonitious lead up to the important 
concejuion of an (hctro-inaijni’fic tntrr. Since no 
nuignotic wave can he created without changing the 
magnetic force and thus producing an inductive 
pulse, and since no induction is possible without 
moving electrons and (therefore) magnetic liolds, it 
follows that in all electro-magnetic waves we have 
the two forces, the magnetic ami the inductive, 
w'hich go hand in hand, and are always at right 
angles to each other. ' 

It is those cloctro-magnctic waves that are used in 
wirelcs.s telegraphy, and the same waves, when much 
smaller in wave-length, produce all the phenomena 
of light. 

Consider a single electron swinging up and down 
in a vertical path one centimetre long. Lot its 
motion bo a simple harmonic motion, like that of 
a piston-rod; then its velocity will be greatest in 
the middle of its run, and least at tho ends. The 
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magnetic field due to its motion will therefore be 
greatest when the electron is passing the centre of 
its path, and least when its motion is being reversed. 
On the other hand, the acceleration (and retardation'^ 
will be greatest at the ends of the path, and the 
inductive force duo to the electron will be greatest 
when its motion is being 
reversed. The electron 
therefore, sends out two 
sy.stcins of waves into the 
surrounding space, w’hich 
are both propagated with 
the velocity of light, but 
retarded with respect to 
each other in sue! a 
manner that the D.axi- 
mum of one coincides 
with the minimum of the 
other. 

A single electron would, 
of course, not give rise 
to an a[){)rociablo olectro- 
nuagnotic eflect ; but very perceptible waves may be 
generated by means of an induction coil discharged 
through a conductor of some capacity. 

Lot an induction coil bo discharged through a 
spark-gap, consisting of two metallic knobs. Fig. 28, 
connected with metallic plates to increase the 
capacity. The discharge is, of course, o8cillatory> 
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since the primary current in the coil is made 
and broken in rapid succession. An o.sciUatory dis- 
charge means the surging to and fro of electrons. 
The number of oscillations per sdcoud has been de- 
termined by observing the s})ark.s in a revolving 
mirror. Trowbridge and Dnano found a rate of 
oscillation amounting to five million per 8e(!on«l for 

si\iall capacit}'. With a larger capacity the oscilla- 
tions would be slower.* 

The oscillations are |K)rceived mo.si ea.sily by 
mounting two plates facing those attached to the 
knobs, an<l slrctching out two parallel wires with free 
ond.s, as shown. This arrangement is due to Lecher, 
.and is an improvement on the apparatus by whieh 
Hertz was finst enabled to demonstrate the e.xi.'.tence 
of electric waves.- 

The surgings of the electrons in the gap produce 
inductive pulses in the secondary plate.s, whi< h urge 
the electrons in them up an<l down in uni.son. but 
always in the opposite diro<jtion from the ac-celeratiou 
of the electrons in the gap. These pules are trans- 
mitted along the wire, and undcir their iniluenco the 
electrons in them are urged to and fro along it, just 
as particles of water describe circles when a wave 
passes. 

When the pulse or surge of electrons arrives at 

^ Thep^^riod of osr.illulion is j'ivtJH i»y tho equation'!’ ~ 2ir 
wliere L is the self- ind action and C the capacity of the 
circuit. 
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the end of the wire, it accumulates there and re- 
bounds, just as a water-wave dues against a sea-wall. 
The analogy with the water-wavo goes even further. 
For when a wator-wavo makes straight for a sea- 
wall, and is thrown back, it combines with the 
advancing wave to form stationary waves, and the 
water moves up and down in the same place, like a 
violin string. Similarly, the direct and leHected 
pulses of an electron current combine to form 
stationary waves in a wire, marked off from each 
other by “nodes” at which there is no accumula- 
tion of electrons, but a very rapid motion to and 
fro. Those nodes, and the " ventral segments ” be- 
tween them, are a well-known phenomenon in the 
vibration of strings and rods. The distance between 
two successive nodes is half the wave-length of the 
electric pulse. When the wires are bridged by a 
spark-gap, the nodes are marked by the absence of 
sparks, and the centres of the ventral segments by 
a maximum of .sparking. But a more sensitive 
detector of waves is a highly exhausted glass tube, 
which shines out when laid across from one ventral 
segment to the other, but remains dark at the nodes. 
When another bridge, consisting of a plain wire, is 
added, the tube generally ceases to respond, since 
all oscillations are disturbed. But if the wire is 
laid across between two nodes, the tube flashes 
out at a corresponding ventral segment, and is not 
extinguished even when all the other nodes are 
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bridged. In this nianner the wave-system along 
the wire may be mapped out, and the wave-length 
determined experimentally. In one experiment, 
where the frequency was five million per second, 
the wave-length was found to bo o7 metres. Hence 
the velocity of propagatu>n was 5 x 10® x 5700 cm. 
per sec., or approximately 3 x 10‘® cm. per sec. 
'fhi.s is the velocity of light, and thus wo have 
the experimental proof that elcdric "p^ilses arc 
pcoikKjatccl alomj a wire ivilh the vclocili/ of 
I iijht. 

By reflecting waves in air from a moLallic plate. 
Hertz proved in the .same manner that oloctro-mag- 
notic waves are propagated through air with the 
.same velocity. Ho thus furnished a brilliant prac- 
tical confirmation of Maxwell’s guess, that light 
itself is an electro-magnetic phenomenon, .and con- 
sists of clcclro-nuignctic w.aves of very short wave- 
length. 

The IVoqucncy of the di.schargc of a condenser 
is very great, the oscillations being counted by 
millions jwr .second. Yet it is not great enough 
to give waves as .short as tho.se of light. By 
diminishing the capiicity and inductance of the 
wave-producing .system, Lobedew succeeded in re- 
ducing the wave-length to half a centimetre. But 
since the wave-length of yelhm light is so small 
that 20,000 of its waves go to the centimetre, it is 
clear that our oscillating systems must bo made 
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more rapid before we can produce light directly by 
motion of electric charges. 

When, however, wo recollect that the oscillation 
of electrons about positive atoms takes place with 
a frequency of about vibrations per second, the 
phenomena of light receive a simple explanation. 
For every electron dc'seribing a straight or elliptical 
path sends out waves of both magnetic and induc- 
tive force, and every electron revolving in a code 
gives rise to a steady magnetic field, and a revolving 
field of inductive force. 

We have already considered the oscillation of an 
electron to and fro, and seen that it necessarily sends 
out waves of magnetic and inductive force which, 
when of the proper size, must become perceptible 
to our eyes as light. If too long, they constitute 
infra-red or heat waves ; if too short, they oon.sti- 
tutc ultra-violet rays, which are powerfully actinic. 
When, instead of t>.scillating in a straight line, the 
electron describes an elliptical orbit, it has both a 
change of velocity and of acceleration towards its 
centre of force in the positive atom : but when it 
describes a cirtdo, its velocity is constant. It ex- 
periences a constant acceleration towards the centre 
of the cii'clc, and this acceleration is eilbetivo in 
producing a pulse of imluctivo force, though power- 
less to change the velocity with which the electron 
revolves. The direction of the acceleration is con- 
stantly changing— revolving, in fact — and hence the 
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inductive I’orco revolves also. The wave scut out 
into space is a twirl something like what one may 
produce by laying a string over a table and 
quickly twisting one end of it. If the wave is 
visible as light, it is described in optics as “cir- 
cularly polarised,” in a direction depending upon 
the direction of resolution of the electron When 
the electron simply oscillates to and fro, or appears 
to So so from the point of vision (as a revolving 
electron appears to do when viewed from one side) 
the light is said to be “plano-polariscd.” But the 
plane C‘f polarisation is not that in which the 
electron oscillates, but is at right angles to it. 
For when an elcctro-magnetic wave is intercepted 
by glass at a certain angle called the polarising 
angle, the wa\’o is reflected only wheix the 
electric oscillation takes place in a plane normal 
to the plane of incitlencc. This experiment dis- 
poses of the old controversy with regard to the 
true motion with respect to the plane of polarisa- 
tion. 

When another revolving electron is met with by 
a circularly polarised wave — a “twirl,’ as described 
above — it retards or accelerates the revolution of 
the electron. If both revolve in the same direction 
the revolution of the second electron is retarded 
by the inductive pulso, which, as we have seen, is 
always in the direction opposite to the motion of 
the charge from which the inductive force proceeds. 
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For tho ..amo reason tho motion of an electron re- 
volving in a direction contrary to tho direction of 
tho radiating electron is ac<;eleratcd. If the elec- 
trons thus impinged upon do not revolve in planes 
normal to the direction of propagation of the pulse, 
their acceleration or retardation will be reduced in 
proportion with the projection uf their orbit upon 
the normal plane. But we see in any case that, 
whether they are accelerated or retarded, the net 
effect of tho pulse is to counteract the mi^netic 
field which omits the pulse. This also happens 
when one circuit induces a current in another 
circuit. But note the important ditforoncc. In a 
wire tho inductive impulse fritters itself away in 
overcoming tho resi.stanco of tho wire, and convert- 
ing itself into heat. In freely revolving electrons 
there is no such waste of energy. A magnetic field 
.suddenly c.stablished induces a permanent change 
of vehjcity in the orbital motion of tho electrons, 
which lasts until tho m.agnetie field is annulled. 
That permanent change of velocity alwa}-s acts in 
opposition to tho field whose creation produced it. 
Now, when a body is magnetised in a direction 
opposed to tho direction of tho field, we call it 
"diamagnetic.” Wo are, thereforo, driven to the 
conclusion that all bodies containing electrons in 
orbital motion round atoms are diainagnetio. The 
Zeeman effect .shows that all bodies contain such 
electrons, therefore all knoton substances are funda- 
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mentally diamagnetic. But since the change 
of velocity actually produced does not exceed 1 
part in 100,000, it is almost inappreciable as a 
rule; and when the orbital circuits influence each 
other suflicicntly to swing rouhd into lino, the 
paramagnetic effect is sulHcicnt to completely 
mask the fundamental diamagnetism of the sub- 
stance. 

The above considerations make it clear why some 
substances absorb liglit while others do not. Those 
substances which contain I'rec electrons not por- 
manenily bound to .separate atoms allow their 
electrons to follow freely the magnolie and induc- 
tive forces at play within the light-wave, and the 
motion thus produced is absorbed and frittere«l 
away into heat. These substances are the good 
eonduetor.s, more especially the metals. Solutions, 
whose i(jns have a mobility far below that of elec- 
trons in metals, are much more transparent than 
the hitter, and the insulators, especially those of a 
low dielectric constant, absorb light least. It is 
also readily undei'Stood that when electrons in an 
illumin.ated body happen to be revolving with the 
.same period lus the incident light, the change of 
velocity is much greater than if they arc not. Their 
orbital equilibrium is more ea.sily upset, and the 
electrons fly aw.ay from their atoms and roam at 
large. This is what is called “optical rc.sonanco.” 
It accounts for the fact that some wave-lengths of 
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light aro more easily absorbed than others. It 
accounts, in fact, for the phenomena of colour. It 
also makes clear to us why a body absorbs most 
easily light of the same colour and wave-length 
as that which it emits itself— a fundamental and 
important law of radiation. 



CHAPTER XI 


MEASUREMKN'«’S CONCERN LNG ELECTRONS 

In this chapter I intend to specify the experiments 
which have led to the general acce])tance of the 
electron theory, and brought the scientific world face 
to face with the electron itself. Hitherto I have 
taken the electron for granted, and the reader may 
have been inclined to wish for some evidence of 
the existence of a body over 1000 times lighter 
than the atom of hydrogen, which latter has 
been until recently regarded as the smallest pos- 
sible material particle. That evidence shall now 
be furnished. 

When a vacuum tube is exhausted to one-millionth 
of an atmosphere, the luminous phenomena previously 
observed give way to the phenomenon of cathode 
rays, which proceed in straight lines from the 
cathode or negative electrode, and produce a green 
fluorescence on the walls of the tube. 

These cathode rays are electrons, projected hy the 
cathode with an enormous velocity. 

That this is so is proved by the following facts : — 

1. The " rays " convey a negative charge. 

ao6 
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2. They consut of minute particles of matter. 

3. These particles have a constant charge, amount- 
ing to 3‘4 X lO'*** electrostatic unit. 

4. The particles have a mass about a thousand 
times smaller than the hydrogen atom. 

5. Thoy move with a velocity little less than that 

of light. ^ 

Thaso facts were gradually recogni.sed as the result 
of a large number of difficult and often highly 
ingenious experiments undertaken with a view to 
elucidate the nature of cathode rays. When the ex- 
periments were first tmdortaken nobody expected to 
find the cathode particles to bo identical with the 
electrons postulated by Lorontz in order to explain 
the Zeeman effect. Many experimenters actually 
thought that the cathode rays wore clcctro-rnagnclic 
waves, and claimed to have proved that thoy were. 
It Wivs only when new and crucial experiments were 
made, and successfully repeated everywhere, that the 
truth was made manifest to a wondering world. 
That was in the year 1897, and since that year the 
electron has become the corner-stone of electrical 
science. 

That the cathode rays convey an electric charge 
was already proved by Joan Perrin in 1895. His 
apparatus is illustrated in the diagram (Fig. 29), 
which shows a vacuum tube . provided with two 
electrodes. 

The cathode C is a disc of aluminium, and the 
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anode A B D E is a box of aluminium with an 
opening towards the cathode. Inside this box is 
a hollow cylinder, F, connected with an olcotrosco[)e 
or an cleclromotor. When the tube is sutliciently 
exhausted ivnd a current sent through it, cathode 
rays arc projeclod from C into the box and the inner 
cylinder, which at once acquires a negative charge. 
That this charge is really due to the rays is proved 



by deflecting the cathode beam with a magnet, 
whereupon F remains uncharged. 

If, then, the rays consist of charged particles, the 
next (question is as to the size and charge of each 
individual particle, and the velocity with which it is 
moving. 

There are several different ways of determining 
these. The most obvious way is to expose the 
particles to a lateral pull. When water is projected 
from a horizontal orifice the jet describes a parabola 
under the influence of the earth’s attraction. The 
distance to which the jet carries depends upon the 
force with which it is projected — in other words, 
upon its velocity. The greater that velocity, the loss 
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will tho jet fall towards the ground in traversing a 
given portion of its path. Now tho cathode beam is 
a jot of electrified particles, travelling at such a pro- 
digious rate that their weight exerts no perceptible 
effect upon their path. But stronger deflecting forces 
are readily available. Since it is the electric field 
between tho cathode and anode that generates their 
velocity, another field acting at right angles to their 



path will produce a strong deflection. Tho apparatus 
used by J. J. 'riioinson to perform this experiment 
is shown in Fig. 30. C is the cathode, A and B 
are thick metallic diaphragms serving as tho anode, 
and provided with horizontal slits. The deflecting 
electric field is established between tho plates D and 
E, which are largo enough to give a fairly uniform 
field. Tho cathode beam is made into a narrow 
horizontal strip in passing through A and B, and 
this strip is bent into a parabola while traversing 
tho field between D and E, and after leaving this 
it continues in a straight lino till it impinges on a 
scale, F, which measures its deflection. 

Now the effect produced by the deflecting field 

o 
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depends upon throe factors. Ono of these is the 
speed of the particles, which wo. have already referred 
to. Another is their electric charge, which controls 
the force exerted by the field upon them. Evidently 
the greater their charge the 'more will they be 
deflected. The third factor is the moss of tho 
particles. The greater their mass — i.c. their inertia 
— the more for<*c will bo required to deflect them 
from their })ath. If e is tho charge of a particle, 

and j/i, its mass, its deflection is proportional to 

'I'his all-important ratio becomes known as soon 
as the velocity of tho particles is determined. Its 
interest is enhanced by tho fact that in electrolysis 
the ratio of tho electricity transported to the mass 
transported is fixed for each element, being O.’i.OOO 
coulombs per gramme in tho case of hydrogen. The 
discovery of a similarly constant ratio in ga.scuus 
discharges was therefore eagerly sought after. 

Since there are two unknown quantities, £ and 

V (tho velocity), we require two independent equations 
in order to determine them. The electric deflection 
furnishes one equation. Tho other may bo derived 
either from the magnetic deflection, from the diflbr- 
ence of potential, or from tho heat developed. 

A method devised by Wiechert, and employed by 
d’Arsonval, is particularly effective in determining 
directly the velocity v. It is based upon the deflec- 
tion of cathode rays by a magnetic field. Wo have 
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seen above (p. 147) that an electron in motion is 
attracted by another moving parallel to it. If the 
electrons were free to move in any direction, and not 
forced to move along a wire, they would approach 
eacli other. A wire bearing a current exerts a 
similar “magnetic" force upon moving electrons by 
virtue of the electrons moving along it. The force 
is directed towards the wire; but since the “lines 
of. magnetic force” (i.e. tho linos along which a 
magnetic polo would move) are circles round the 
wire, the attraction exerted upon a moving electron 
is at right angles to the linos of magnetic force. If, 
thereforo, a vacuum tube is placed between two 
magnet poles so that the magnetic linos of force cross 
tho path of the cathode rays horizontally, tho rays 
are deflected up or down according to the polarity of 
the lines of force. When the magnetic field is duo to 
the poles of an electro-magnet fed by an alternating 
current, the cathode beam is dedectod up and down 
with tho frequency of the alternate current itself, and 
the fluorescent spot which it produces on the glass 
wall, or bettor, on a special fluorescent screen, moves 
up and down as the direction of the current change.s. 
Now it is found that whatever may bo the frequency 
of an alternating current, tho luminous spot follows 
tho alternations instantly. No. undulation can be 
observed along the cathode beam as it is observed in 
the case of a rope swung up and down at one end. 
This shows already, without further confirmation. 
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that an almost incredibly short time must elapse 
between the cathode particle leaving the cathode 
and arriving at the w’all. But the time taken can be 
actually mcivsureil by means of two successive electro- 
magnets placed some distance >.ipart and traversed 
by the same high-frequency current. M. d’Arsonval 
succeeded in bringing a current of the cnormou.s 
frequency of 10,000,000 oscillations per second to 
bear upon the rays, lie then placed a slit just 
beyond the linst electro-magnet, so as to shut olV 
all the cathode ray.s except those which produced 
the luminous spot highest on the screen. These are 
the rays that passed the first magnet, just at the 
maximum of magnetisation in one direction. On 
passing the second electro-magnet, the cathode rays 
are again deflected in the same direction; but on 
placing the electro-magnets further apart and taking 
care that they are always in the same magnetic state 
at a given instant, a position is found in which the 
second electro-magnet produces no further deflection. 
This happens when the time taken by the cathode 
rays to traverse the distance between the two electro- 
magnets is one-quarter of the period of the alternat- 
ing current ; for then the magnetising current, being 
midway between two opposite maxima, is zero. Now 
the period being a 10,000,000th of a second, this 
quarter-period is a 40,000,000th of a second. M. 
d’Arsonval found the proper distance between the 
electro-magnets to be 75 centimetres. Hence the 
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speed of propagation of the cathode rays or projected 
electrons was 75 x40 millions = 3000 million cm. per 
sec., or one-ienih of the velocity of light 

This startling result leads to some surprising con- 
clusions. The velocity is a million times greater 
than that of the fastest express train, and a inilli- 
grainnio of matter moving with that speed has ten 
times the destructive energy of a railway train at top 
speed. 

This velocity being known, the ratio can be 

determined from the electrostatic deflection. But it 
is simpler to determine it from the magnetic deflec- 
tion itself. The magnetic force upon the electron is 
always at right angles to its path. That path must 
therefore bo an arc of a circle as long as it lies in the 
magnetic field and the field has a constant strength. 
The curvature of the path may be calculated from 
ordinary me<dianical principles. The centripetal 
force equals the product H e i\ where II is the 
magnetic field and e tlie charge. 'I'ho centrifugal 

force is where m is the mass of the electron, v 

r 

its velocity, and r the radius of curvature. Hence 
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The value obtaiued by Wicchert in 185)9 was 
465 X 10'^ meaning that a gramme of cathode rays 
represents a charge of 465,000 billion electrostatic 
units or “companies” of electrons. 

Instead of measuring the velocity, it may be 
eliminated between two equations by calculating it 
from the observed d.iffcrcnco ol potonljal, which mu.st 
impart to the particles a velocity simply depending 

upon In this manner, Kaufmann found, in 1898, 

the value 558 x 10*"’“, and Simon in 1899 ; 559‘5 x 10*®. 
Other methods, capable of greater or less accuracy, 
have been devised and employed by J. J. 'riiomson, 
Lenard, Bcoqucrel, and others ; but they all confirm 
the order of magnitude found above, 

A very important and significant olwervation made 

by all was that the ratio depends neither upon the 

gas contained in the vacuum tube nor upon the 
metal of the oloctrodes. This re.sult is surprising if 
the cathode rays are atoms of ordinary matter. It 
would mean not only that ordinary matter is capable 
of travelling with a speed approaching that of light ; 
but that every atom has an electric charge propor- 
tional to its weight. For sueh a state of things there 
is no precedent. In electroly.sis every atom conveys 
a charge proportional to its valency and quite in- 
dependent of its weight. The atoms of magnesium, 
zine, and cadmium, whose weights are in the pro- 
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portion of 24 : Ga : 112, each convey exactly the 
same quantity of electricity through the electro- 
lytic cell. It would bo strange if the amounts of 
electricity they convoyed through the vacuum tube 
wore as 24 : 65 : 112. 

But there is an even more remarkable difference 
between cathode rays and electrolysis. In electrolysis 

the ratio or the charge conveyed by unit mass of 

the electrolyte (or required for decomposing it), varies 
from one metal to another, m changing from one 
atom to another, while e remains constant except for 
changes of valency. For hydrogen, the lightest of 

the known elements, the ratio is 0 286 x 10“, or 

in 

about 2000 times smaller than the same ratio for 
cathode rays. This means that the mass conveying 
the atomic charge is cither 2000 times larger tlnan 
the mass of the cathode particle, or that the charge 
of the hydrogen atom is 2000 times smaller than 
that of the cathode particle. 

The former alternative seemed barred by the im- 
possibility of assuming the existence of anything 
smaller than the atom of hydrogen. The whole 
tradition of the atomic theory rebelled against such 
an idea. Nevertheless the next great step in dis- 
covery was the momentous one of determining the 
actual charge and the actual mass of the cathode 
particles, and thus to establish not only the existence 
of material particles much smaller than atoms, but 
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tho cxistonco of a priiuordial form of olectrio matter 
hitherto unknown. 

The Cavouclish Laboratory at Oambriil fo will 
be for ever inemorablo as tho place whero this 
momentous moasuromeut was first carried out. 
The measurement was in the' first instanco not 
made with cathode rays, but with tho slowly moving v 
particles which aro tho chief agents in gaseous 
conductioa 

When a gas is put into a conducting state, say, by 
exposure to Iliintgon rays, it remains for a little 
time in that state, oven after tho r.ays have ceased. 
If, however, the gas is bubbled through water, or 
filtered through a plug of cotton wool, its con- 
ductivity disappears. Again, when tho gas is passed 
between two plates, one of which lias a high negative 
charge, while the other is insulated, tho negative 
particles will all bo driven against tho insulated 
plate, and their total charge can bo measured by 
an electromotor connected with tho plate. 'I’his 
charge is evidently equal to n e, whero v is the 
nunihcr of particles, and e their charge. Tho total 
charge n e being measured, it remains to detormino 
n in order to find e, tho charge on each particle. 
This is J. J. Thomson's famous “counting oxperi- . 
inent,” which is best described in his own words : ‘ — 
“The method by which I (Ictermincd n was 
founded on the discovery by C. T. R. Wilson, that 
* J. J. Thomson, “ Electricity and Matter,” 1904, p. 75. 
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tho charged particles act as nuclei round which small 
drops of water comlcuso when tho particles are 
surrounded by damp air cooled below the satura- 
tion point. 

“In dust-free air, as Aitkon showed, it is very 
difficult to get a fog when damp air is cooled, since 
/there are nd nuclei for the drops to condense around. 
If there are charged particles in the dust-free air, 
however, a fog will bo deposited round these by a 
suporsaturation far less than that required to pro- 
duce any appreciable ofTect when no charged particles 
are present. Thus, in sufficiently supersaturated 
damp air, a cloud is dciwsitod on those charged 
particles, and they aro thus rendered visible. This 
is tho first step towards counting them. The drops 
aro, however, far too small and too numerous to 
bo counted directly. Wo can, however, get their 
number indirectly as follows; Sup}x>sc wo have a 
number of those particles in dust-free air in a closed 
vessel, tho air being saturated with water vapour. 
Suppose, now, that wo produce a sudden expansion of 
the air in tho vo.sscL This will cool tho air ; it will 
bo supersaturated with vapour, and drops will bo de- 
posited around tho charged particles. Now, if we know 
tho amount of expansion produced, we can calculate 
tho cooling of tho gas, and therefore the amount of 
water deposited. Thus wo know tho volume of water 
in the form of drops, so that if wo know tho volume 
of one drop w'o can deduce the number of drops. 
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To find the size of a ilrop we niako use of nu invosti- 
gatioii by Sir George Stokes on the rale at which 
small spheres fall throui^h the air. In consequence 
of tho viscosity of the air small hoilies fall excoed- 
ingly slowly, and the smaller they are the slower 
they fall. Stokes showed that a is the ratlins of a 
droj) of water, tho.veh^city r with which it falls 
through the air is given by tho equation 

2 7 a* 

where g is tho acceleration due to gravity = 981, 
and /jl tho cootiicient of viscosity of air = 0*00018. 
Thus 

v = l-21 X 

lienee, if we can determine v wo can determine the 
radius. an<l hence the volume of the drop. But v 
is evidently the vclocit}’^ with which tho cloud round 
the charged part it le settles down, and can ea.sily be 
measurod by observing the movement of tho tt>p of 
the cloud. In this way 1 found tho volume of 
the droj»8, and thence n the number of particles. 
As 71 e liad been dotormined by electrical measure- 
ments, the value of e could bo deduced wlien n was 
known. In this way 1 found that its value is 

3*4 X 10'^^ electrostatic c.g.H. units. 

Experiments were made with air, hydrogen, and car- 
bonic acid, and it was found that the ions had the 
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siiinc i hargc in all these gases — a strong argument in 
favour of the atomic character of electricity.” 

'I'ho ratio ~ is the same for cathode rays, for 

negative carriers of gaseous discharges, and for the 
negatively electrified particles emitted by metals 
when exposed to ulira-violot light, or raised to the 
temperature of incandescence. In each case the 
charge of each particle is the same, while its mass is 
less than a thousandth of the mass of the hydrogen 
atom. J. J. Thomson proposed the name “ corpuscle" 
for these natural units of negative electricity. 
" These corpuscles are the same, however the electri- 
fication may have arisen, or wherever they may have 
been found. Negative electricity in a gas at a low 
pressure has thus a structure .analogous to a gas, the 
corpuscles taking the place of the molecules. The 
‘negfitivo electric fluid,' to use the old notation, 
resembles a gaseous fluid with a corpuscular, instead 
of a molecular, structure.” 

Instead of tho word “corpuscle,” the new word 
“ electron," proposed by Dr. 6. J ohnstone Stoney, 
has now been almost universally .adopted .as being 
more specialised and unmistakable. Prof. Thomson 
sums up his conclusions in the following passage, 
in which I have substituted “ electrons ” for “ cor- 
puscles ” : ' — 

“These results lead us to a view of elect rifica- 


^ J. J. Thomsou, Electricity and Matter,” 1904, p. 88. 
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tion wliich has a strikin;' rosoiiiblancr to tlmt 
of Frauklin’s One-Fluid 'I'lioory of Flrctrioitv.’ 
Instead of takinf:f, as Franklin ditl, the oloci ric; Iluid 
to bo positive electricity, wo take it to bo iicijiitivo. 
The ‘electric Huid’ of Franklin corresponds to an 
assemblage of electrons, nogativr# electrification being 
a collection of those electrons. The transference of 
electrification from one place to another is ollbctcd 
by Ihe motions of electrons from the place where 
there is a gain of positive electrification to the place 
where there is a gain of negative. A positively 
electrified body is one that has lost some of its 
electrons. Wo have soon that the mass anti charge 
of the electrons have been determined directly by 
experiments. We in fact know more about the 
‘electric fluid’ than wo know about .such fluhls as 
air or water.” 

Since these remarkable experiments were per- 
formed, they luavo boon rcjicatcd again and again 
with constantly incrc.a.sing precision. 'J’he electrons 
have been rediscovered in several other fields of 
ro.search, notably the phenomena presontotl by 
radium, one of whose ratliations is constituted by 

cathode rays or projected electrons. The ratio ■— 
and the values of c and m are now known with 
considerable accuracy, though the ratio is still 
much better determined than its two cotuslituents. 
Side by side with the advances on the experimental 
side have been the theoretical advances. The 
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electron theory has boon developed in its mathe- 
matical aspects, and has given occasion for many 
notable results and speculations. But the measure- 
ments made between 189G and 1898 and outlined 
above form the foundation on which the imposing 
structure of the electron theory has since been 
raised. 



CHAPTER XII 

ELECTRICITY AND LIGHT 

The discovery that lififht consists of waves of electric 
and magnetic force (p. 200) hius vjistly extended the 
spheres both of electrical and of optical science. 
Rut tliat discovery was made before the days of 
the electron theory, and Wiis embodied mathe- 
matically in a set of difVorontial equations, having 
but a slender connection with the structure of actual 
matter. "I’hc electro-magnetic theory of light re- 
placed the older theory, which regarded the ether 
JUS behaving like an elastic solid wherovor very 
raj/id vibrations were concerned. But the exj)eri- 
mental basis of tlio clectro-inagnctic theory was 
meagre, and it left a vast array of facts entirely 
unexplained, notjibly those of the absorption and 
dispersion of light. Indeed, its chief exponents 
were always careful to point out that they knew 
nothing concerning the intimate structure of those 
materials whoso specific inductive capacities or 
magnetic permeabilities figured in their formulae. 
In his “ Theory of Optics,” Prof. Schuster refers 
to this tendency as follows: — 

“There is at present no theory of optics in the 
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sense tliat the cltuitic solid theory was accepted fifty 
years ago. Wc have abandoned that theory, and 
learnt that the undulations of light are electro- 
magnetic waves differing only in linear dimensions 
from tho disturbances which are generated by oscil- 
lating electric currents or moving mi^nets. But so 
long as the character of the displacements which 
constitute the waves remains undefined, we cannot 
pretend to have established a theory of light. This 
limitation of our knowlodge, which in one sense Is 
a retrogression from tho philosophic standpoint of 
tho founders of tho undulatory theory, is not always 
suilieienlly recognised, and sometimes deliberately 
ignored. Those who believe in the po.ssibility of a 
mechanical conception of the universe, and are not 
witling to abandon tho method.s which from the 
time of Galileo and Newton have uniformly and 
exclusively led to succe.s.s, must look with the 
gravest concern on a growing school of scientific 
thought which rests content with equations correctly 
representing numerical relationships between difle- 
ront phenomena, even though no precise meaning 
can bo attached to the symbols used. Tho fact that 
this evasive school of philosophy has received some 
countenance from tho writings of Heinrich Hertz, 
i-onders it all the more necessary that it should bo 
treated seriously and resisted strenuously.” 

Tho electron theory, by dealing with tho elemen- 
tary carriers of electricity, has brought a powerful 
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now weapon to bear upon optical problems, and has 
already accomplished a great deal in the way of 
their elucidation. But it will be some time before 
the facts of 0 ]>tics are completely marshalled in 
order, and linked with those of chemistry, elec- 
tricity, and magnetism. Tlieir variety is almost 
infinite, and their aill oxj)lanation involves revolu- 
tionary changes in the theory, not alone of optics, 
but of chemistry as well. 1 shall, therefore, have 
to content myself with a brief outline of the main 
facts. 

(o) Rrjrdcllun , — All electro-magnetic waves are 
transmitted with the velocity of light cm. 

per see.) in media free from electric charges. 'I’his 
is one way of stating the electron theory of refrac- 
tion. It means that when the progress of a wave 
is retarded, tliat retardation is duo to the presence 
of electrons or positive atorn.s. It is this presence 
of electrons which accounts for the specific inductive 
capacity or dioleelric constant of a medium (see p. 
62), and ^Maxwell's tlicory indicates a simple rela- 
tion between the velocity of propagation v of an 
electro-magnetic wave through a medium, and its 
dielectric constant K. It is as follows : — 



that is to say, the square of the velocity of the wave 
varies inversely as the dielectric constant. Lot us 
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see whut information our theory can give us in this 
matter. 

The force between two charged borlies possessing 
charges E and E', and placed d cm. apart, is 

EEi 

Ki»‘ 

That is to say, the force decreases as the dielectric 
constant increases. Now, according to our tho.- ry, 
a “dielectric” is a body consisting of molecules or 
atoms, to which electrons are closely attached in 
such a manner that very few of them roam at large 
among the atoms. When a dielectric is introduced 
between two condenser plates charged positively and 
negatively respectively, the electrons arc pulled to- 
wards the positive plate, and the positive atoms 
towards the negative plate. Each electron is, there- 
fore, separated from its atom ; but not so far iis to 
bo pulled away by the next atom. The electrons on 
the surface facing the po.sitivo plate will constitute 
a negative surface clnurge, and the positive atoms 
facing the negative plate constitute a positive sur- 
face chju’ge ; and these surface charges, by freeing the 
interior of the dielectric from some of the electric 
force, reduce the internal field, and thus also reduce 
the difference of potential between the condenser 
plates, thereby increasing the capacity of the con- 
denser. So much for the dielectric constant. 

Now, as regards the propagation of waves. Let an 

P 
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oscillatory current surge up iind tlowii one the 
plates; in other words, lot the Iroo electrons in the 
piut^ bo made to oscillate up and down in rapid 
succession. This, its explained on p. 179, leads to a 
downward and upward thrust of all electrons in the 
neighbouring space. In the upper half of its path 
the oscillating olerctron is exposed to a downward 
force, and therefore sends out an upward impulse 
into surrounding space. Any electron which follows 
this impulse w’ill therefore oscillate in a reverse 
ilirection, and will neutralise to .somo extent the 
effect of the original oscillation in the sjiace beyond, 
just as in tran.suiilting oscillations along a stretched 
.string the weight of an oleincnl of length shields tho 
further elements tor a .short time. Tho more elec- 
tron'' capable of oscillation there are in the dielectric, 
.tnd tlie b cider the forces whit li tend to keep them 
in position, the slower will bo the rale at which an 
electric wave is jirojiagalcd. 'I’hcse aru tho stittio 
conditioas as those which account hu* a high 
dielectric constant. It is, therefore, clear that a 
high dielectric constant means a slow rate of wavo- 
propagaiion, and vice, verm. Tho exact numeriud 
relation between the two quantities is not apparent 
from these simple considoratioas ; but a glance at 
tho ordinary laws of wave-propagation will explain 
Maxwell's law in an elementary manner. Whenever 
a wave is propagated through a medium,- we find 
that the velocity of propagation is proportional to 
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t.ho wjiiiiro root of tho force which tends to brinf' 
back 1 ho ljc)dy into its place when pulled out of it. 
Now, in tho case of an electron subject to periodic 
impuisoB in opposite diroctiens, the velocity with 
which it follows the impulses of the original oscilla- 
tion and those of other intervening electrons depends 
upon the strength of the impulses so transmitted 
Now, tho force across a dielectric varies, as wo have 
seen above, inversely as tho dielectric constant K 
Hence tho velocity of propagation, which varies as 
the s(jnare root of tho force, will vary as 1 I JK 
Hence 



This relation holds good as long as the f>sedlaiion.s 
in tho condenser plate arc slow, and far below tho 
natural period of oscillation of electrons about their 
po.siiivo atoms. 

When an elect ro-niagnctic wave reaches a dielec- 
tric, its velocity is reduced. When it hits its surface 
at right angles, it is propagated in the sumo direc- 
tion, only more slowly than before, and the wave 
front is always parallel to the surface. When, how- 
ever, tho wave arrives at an angle to tho surface, 
tho portion w-hich arrives first begins to bo retarded 
sooner than the rust, and tho wave front is bent 
round or “ refracted.” Tho laws of refraction iwo 
adequately dealt with in tho older textbooks of 



THK I:LK<TI{0N tiiicouv 


32S 

(h) /)/■>/#<’ tniil — IVisinftlic clTocls ainl 

dispersion oonoriilly aiv thio Lt> some waves l»oin)L; 
propiioated more slowly than i)lhers. 1 ho}' iiro 
ihereforo relVactod to dilVorenl dooroos, aiul separated 
into the well-known optical spoctriiin. This pheno- 
menon is called dispersion. It is inemoniblo that 
the theory of dispersion was the brooding-ground of 
the electron theory. A theory involving the dis- 
placements and vibrations of elementary charges 
had been applied to dispersion by Prof. Loroutz, of 
Ainsiordam, for several years before it was confirmed 
by the discovery (d the Zeeman etfoct. In fiict, the 
phenomena (»f dispersion had always heon the great 
stuinhling-hlock in tlio way of tlu3 Maxwell- Hertz 
theory, which told us nothing about them. The 
electron theory of dispersion has been w’orked out 
mainly hy Schuster in M;in<‘lhsler and Drndo in 
(iiessen. It i.s einhn/lied l»y the Iatt»;r in anecpialioiii 
which might as well bo quoted hero, as it stales the 
ijuitter very (“ncisely. It is 

In this cquiili'in n is fho rofnictivo imlex, N tho 
niniihor of electrons per cubic centimetre, X the 
wave-longlli of the incident light, L the wave-length 
of the natural wave emitto*! by tho electrons in thoir 
ordinary oscillation, and 0 is inversely proportional 
to the force tending to keep tho electrons in their 
• P. Drude, Annalen tier I’kyttk, No. 9, 1904, p. C81. 
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central posilionR. For short, wo might call B the 
“ laxity.” 

Many interesting results may bo read in this 
equation. In tho lirst place, if N = 0, n* = 1, and 
n = That is to say, the velocity in the dielectric 
is the .same as in pure ether. It is only the electrons 
which retard tho wave. Further, the greater the 
" laxity " 6, tho greater is the refractive index, and 
the slower the wave in the dielectric. This has 
already been mentioned under refraction. 

The first and second terms on tho right-hand side 
are independent of tho wave-length X, and if only 
tho.se terms had to bo considered, there would be no 
dispersion. Tho third term, however, involves X, and 
wo see at once that its amount depends both upon 
tho wavo-longth of the incident light and tho n.atural 
waves cmittctl by tho vibrating electrons. If X is 
very largo in comparison with L. we may neglet t L- 
in Comparison with X-, and put X’ — L- — \-, and the 
thirtl term becomes approximately 
_ X fl I,- 

• 

As X becomes gradually smaller, this term l>ecome8 
gradually larger, and hence also n becomes gravlually 
larger. This means that (he shorter (he tours are 
the more they are refracted. Any ono observing a 
spectrum formed b}' a prism will sec that the bluo 
rays, which have a shorter wave-length, aro more 
deviated than the roil ra^-s. which have a greater 
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wave-length. This is what is called normal dis- 
persion. 

When \ is extremely large — Le. the incident 
oscillation extremely slow — the third term becomes 
zero, and tho equation reduces to 

n* = 1 + N 


This is independent of tho wave-length, so that 
tti’f net <I rsi’d. They are all pn'- 
]»a‘jrateil with tho same velocity, which simply depends 
upon the don'iity and “ laxity " of the electrons in tho 
medium. This dependence imiy bo arrived at by 
remembering that Iho “rofr.activo imlox ” n of a 
medium is the ratio of the velocity of jwopagalion of 
ligdit in tho other to the velocity in the medium — 



where Vj is it x 10’" cm. per sec. Tlitis wo have 

= 1 + N(?. 


(3r 


2 

V2 — ' I 

' 1 -f N S 


This last equation teaches us several valuable 
things. F or long waves, tho velocity of propagation 
in a dielectric depends upon Iho velocity in the ether, 
and upon a term involving tho density and laxity of 
tho electrons in tho medium. Tho more electrons 
there are, and the more easily they are displaced from 
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their positions, the more slowly will the long waves 
travel through thorn. But we have also seen that 


Therefore we have 


V.* = 1 

K’ 


or 


K 1 + N 61 


This is an important formula defining the specific 
inductive capacity (or ‘‘dielectric constant K in 
terms of tho electron theory. It may be calculated 
if we kn<nv the density and laxity of the electrons in 
the substance. And, conversely, we may calculate 
the product of tho density and laxity if wo know 
thcdiol octric constant. 

To return to llrudo's equation — 


n*. 


1 + N #> + 


N 0 T,* 
V-I.- ■ 


When \ becomes stualler and smaller the third 
term becomes larger and larger, and tho refraction 
becomes more and more pronounced. When X = L — 
i.e. when tho incident light Invs the natural periods of 
the electrons — an extraordinary situation is created. 
Tho denominator becomes zero, and therefore the 
whole fraction becomes infinite. Hence n- also 
becomes infinite, .and the velocity of propagation 
becomes zero. The mii'e is sfop2^^(i. If \ decreases 
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Still further, .the denominator increases again, but 
becomes a negative quantity. This means that the 
refractive index is diminished instead of being in- 
creased. When the ditterence - L* is still ex- 
cessively small, the third term is an excessively large 
negative quantity, and may well bo much larger than 
the second term. In this case we shall have the still 
more extraordinary siiuatiim that V" is smaller than 
unity: in other wonls, that a vibration voiy slightly 
shorter than tlie natural vibration of the eloctrons 
/•s priquujafftl \r[ih <i vAoc\t)i tjmifvr fhaii that of 
Ihfhf. 

When \ (liniiui.shcs still further the denominator 
increases iiml tlio third Ujrm as a whole becoiiios 
smaller. The limit is reached when X -tt. and then 
wo have 


71 - 1 + t j'’ - 1 + 2N 

SO that here again wo have a limiting value for 
infmitady short waves, which is somewhat liigher 
than the value for iulinitely long waves, and again 
in(le])eiulent of the wave-length. Infinitely short 
waves are therefore not dispersed either. 

In general, we liave the important conclusion that 
electrons or other charged bodies only influence the 
velocity of propagation of the incident wave tvhen 
the period of oscillation of that wave happens to be 
not very different from their own. 
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The extraordinary occurrences which take place 
when the two periods of oscillation nWly coincide 
are known as anomalout dispersion. 

(c) Absorption and Reflection . — When die ware- 
length of the incident light- wave happens to* be the 
same as the natural wave-length emitted by the 
electron, the wave is stopped. As we have seen in 
the elementary case investigated above, the elec- 
trons are always in the phase opposite to that of the 
original oscillation. They, therefore, compensate the 
incident wave, and prevent it from exerting any 
ett'oet inside the body. But in doing so they must, 
of course, absorb more energy than they do in their 
natural state. The usual conscfiucnee is that they 
are shaken and swung out of their normal orbit in 
the neighbourhood of their positive atoms, and .shot 
off into tho interior of the substance, there to roam 
at largo .and collide with other atoms in rapid suc- 
cession. Each of these collisions means a stoppage 
of an electron, and hence an electro-m.agnetic wave 
impulse. The.se irregular impulses con.slit ute radiant 
heat, which travels aw'.ay into space and is lost. The 
whole process is termed absorption. It means that 
tho incident light is not transmitted, but converted 
into heat in the manner stated. 

But it may happen that tho electrons are not 
thus shaken off, but continue to vibrato in accord- 
ance with the period of the incident vibration, or 
rather, half a period behind it. Then they will 



234 ELECTRON THEORY 

practically constitute a set of independent sources 
of light, and will radiate the light out into the space 
on the side of the incident light In fact, wo shall 
have reflection. When the surface is quite smooth, 
and dotted evenly with electrons of tho same period, 
the reflection will be “ regular ” or gcometrioal. Tho 
angle of reflection 'vill be equal to tho angle <>£ 
incidence. Tho explanation i.s tho same as that 
given in the ordinary textbooks, and is based upon 
lluyghen’.s principle. 

In practice, it is Ibiind that most bodies can bo 
'• poIi,she<l,” and that all botlie.s reflect some light. 
This means that all known bodies contain some 
electrons, however small in ninnber, which vibrato 
in the period of the iueidont light. 

{(1) rolarmition . — Light may consist of various 
species in accordance Avith the manner in which the 
electro-magnetic vibration takes place. When tho 
electron vibrates in the same .straight vertical line, 
the light is said to be planc-))olarised in a horizontal 
plan*!. When it vibratos in a circular orbit, the lig'ht 
emitted along the axis of the orbit is “circularly 
polari.sed,” and this circular ])olarisatiun may ho 
either right-hande<l or Icft-haudetl. according to the 
direction of rotation. When the orbit is an ellipse, 
the light is elliptically polarised. Finally, tho elec- 
trons, or a large aggregate of them, may send out 
light in all kinds of polarisation in turn, and then 
we have ordinary or natural light. 
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Ordinary light may bo converted into plane polar- 
ised light by sending it through a body whose elec- 
trons are capable of vibrating in one plane oidy, as 
in tourmaline. The transmitted light will then be 
found to bo plane-polarisod in a plane at right angles 
to that direction of vibration. 

(<?) Double Refraction . — Calcspar is a carbonate 
of calcium of the formula CaCOy Each molecule 
contains five electrons capable of vibrating prjtty 
freely. But only two of these are capable of vibrat- 
ing in the direction of the crystallographic axis. 
Tho other three, if they vibrato along that axis at 
all, do so with a very great rapidity, implying a very 
small “laxity," 6. The consequence of this is that 
when a beam of light is sent through calcspar at 
right angles to the axis, only two electrons jxsr 
molecule take p.art in tho vibration. The tenn N 0 
in Drude’s equation is small. Hence tho refractive 
index is small, and tho velocity of prop.agatiojt great. 
When, on the other hand, a beam of light is .sent 
along tho axis, all tho five electrons are free to take 
part. N 0 is larger, n is larger, and tho velocity is 
smaller. Hence light is more .slowly transmitted 
along tho axis than across it. This gives rise to the 
phenomena of double refraction. 

(/) Optical Rotation. — When a planc-]x)larised 
beam of light is transmitted through ttir))entino, a 
sugar solution, a plate of quartz, or other sub.stauces, 
its plane of polarisation is found to have been turned 
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on emeigence. This would be ditHcult to explain 
but for the fact that a hannonic vibration in a 
straight line may always be considered as made up 
of two circular vibrations in opposite directions. 
One of these circular vibrations is transmitted 
with greater speed than the other, and when the 
two circular beams rtjcombine into a plane-polarised 
Iniain on emcrgeiieo, the plane has been turned round 
in rile direction of the eireular vibration which has 
Ir'OIi transmitted more rapidly. 

[n crystals this rotation may l»o considered as 
duo to a greater ease of ucccleratitm of electrons iu 
one <lireelion than iu another, owing to the con- 
iigurution of the atoms iu the inoloenle and tlni 
piling of the molot'ules in regular rows. In solutions 
and liepnds, on the other hand, it must be due to 
uusyniiiictrieal striicluro of the irioleoulo alone, whi(;h 
is th(j same from whichever side it is viewed. For 
the rotation takes place in the same sense what<5Vor 
may be the direction of transmission. As a matter 
of fact, Becqucrel has shown that tlie rnoleciile.s of 
all substances showing optical rotation (or “rotatory 
polarisation”) iu the liquid state, contain unsaturated 
carbon atoms. 
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M AONETO-OPTIC PHENOMENA 

The connection between uiaj,'nctisrn and light was 
long sought after before the time of Faraday, who 
w.'is iho first to discover a phenomenon linking those 
two dumaiiis of physics. It is now known that 
magnetism influences the plane of polarisation of 
light, both when the magnetic field is applie«l to 
the source of light and when it is applied to the 
material which transmits the light. The first efVect 
is known as the Zeeman oft’cct. The last is called 
magneto-gyration or magueto-o[)tic rotation, and 
includes the effects dLscovored by Fartulay, Kerr, 
and Macaluso and Corbino. 

(«) The Zeeiiuiii lCjf\xt . — In dealing with the pheno- 
mena of radiation and of diamagnetism, wo have 
become familiar with the effect of a magnetic field 
upon the rate of revolution of an electron round a 
po.sitivc atom. Wo have seen that whatever change 
it produces, that change tends to oppose the mag- 
netic field which produces it. Diamagnetism is a 
kind of permanent electro -magnetic induction. Wo 
know that induced currents are always opposed to 
the charge which induces them. It is as if the 

*37 
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electric monieiitum — the momontiun of electric 
charges — destroyed in one hotly toappeared in 
another, just as in a collision there is a transfer 
of luomontum; but the sum of all momenta ro- 
mains the same, actioit and roactiou being equal 
and o[)p()sito. Ordinary induced currents are of 
short duration, simply because the electrons set 
in motion fritter away all thoir energy in collision 
with neutral atoms. If the iiulucod currents are 
of molecular dimensions, and consist in the acctile- 
ration or retardation of the rate of revolution of 
the electron round the positive atom, they are 
permanent so long as tho inducing Held remains 
at the same value. When tho held is annihilated, 
the acceleration it prf)ducod is converted into u 
retarilation, and vice vervi- 

All bodies are fundamentally diamagnetic, and 
in all of them, therefore, tho effects above indicated 
take place whenever tho magnetic field changes. 
They are brought into evidence by tho magneto- 
optic effects now to be described. 

That a magnetic held exerts an action upon tho 
light transmitted through a magnetised medium 
was already known since Faraday’s last researches. 
But an effect of a magnetic held upon the spectrum 
of a flame, that is to say, upon a source of light, 
had been looked for repeatedly without success. 
Tho credit of having discovered this effect and 
furnished its mathematical explanation belongs ox* 
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clusively to Hollaed. Dr. P. Zeeman, of Leyden, 
announced his discovery in 1897, liaving failed 
on a previous occasion to find any effect. With 
tho . aid of a strong magnet and better spectro- 
scopic apparatus than any of hi.s predcce.ssors had 
used, Zocman attacked tho prohlem the second 
time with succcs.s. He placed a Bunsen iiaine 
containing common salt between the jx)les of the 
electro- magnet and focussed tho light on the ^lit 
of his spectrometer, arranging tho thime so that 
tlio D-lines were sharply defined. As soon as the 
magnet wjis excite<l IxAh lines widened out very 
much. By a careful series of subsaliary experi- 
ments ho showed that the widening was due directly 
to tho action of tho field, ami was not a .secondary 
ofiect such as might bo caused by changes of density 
in the flame. 

These results were communicated before publica- 
tion to Prof. Lorenlz, who showed Dr. Zeeman that 
the widening could bo predicteil from Loreutz’s 
theory that light is generated by the vibrations 
of electrically charged particles or electrons; and 
that tho same theory indicated that tho edges of 
the widened line's should be plane- polarised or 
circulimly polarised according as the light falling 
upon tho slit came from the source in a direction 
perpendicular or parallel to the lines of magnetic 
force, and that tho amount of tho w'idening would 
give tho ratio of the charge to tho mass of the 
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luminous particles. Zooman was ablo to vorify 
fully the predictions as to p»>larisalion, and de- 
duced from Lorontz’s oiiuations, as a rough vniue 

for the ratio the value 10' electro-magnetic units 

per gramme. This is about one-half of the value of 
the ratio lor electrons as determined subsequently. 

Further investigation soon showed that the ap- 
parmt broadening of the lines was in reality tluo 
to their beitig .‘^plit up into several components- 
This .split ing up was dillereiit in accordance with 
the ilitvction along which the beam of light from 
the source traversed the magnetic held. When the 
source Was viewed along tho lines of magnetic force 
the D-linos appeared donblo, and when the line <if 
view was at right angles to the linos of force the 
D-lines appeared treble. The polarisation of tho 
lines also ditVerod according to the lino of view, 
tho doublets consisting of two lines circnlarly 
polarised in opposite directions, and tho Irijtlets 
consisting of plane-polarised liues, tho piano of 
tho central line being at right angles to that of 
tho side lines. These various eilccts were com- 
pletely accounted for by tho electron theory tenta- 
tively formulated by Prof. Lorentz of Amsterdam. 
This theory had been regarded as purely speculative 
until it received this startling confirmation. Tho 
discovery of the Zeeman effect, in conjunction with 
Thomson’s counting experiment, made the s})ocula- 
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tion into a theory of unprecedented generality and 
fruitfulness. 

In view of the importance of the Zeeman effect, 
I shall endeavour to make its theory as clear as 
possible, and the student will do well to master it, 
even at the cost of somo effort. 

Lorentz’s theory sup})oscd that hmiinous vibra- 
tions are duo to the rotation of “ electric mole- 
cules ” about attracting masses. L<>rcntz kue.v 
nothing about the ebargo or mass of these mole- 
cules when he formulated his thef)ry, and does 
not seem to have suspected their identity with 
the carriers of electricity in electrolysis. lie sup- 
posed them to rotate in all kinds of directions at 
random, and in orbits varying from a circle to an 
ellipse, and even a straight line. Knowing that 
a charged body is deflected out of its path by a 
magnet, ho was quite prc}>arod to And that the 
orbits wore influenced by a magnetic field, but 
had no data to enable him to guess whether such 
an effect could bo discovered experimentally. But 
when the eft’oet was observed, his theory enabled 
him at once to explain it, and oven to give parti-, 
culars which had not yet been observed, but which 
further experiments immediately verified. 

Consider a beam of light from a sodium flame 
mounted between the polos of a powerful electro- 
magnet, giving a field of 5000 units, and viewed 
along the lines of magnetic force, through per- 

Q 
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I'oratious inaclo for that pur|K>so ui tho pole-piecoa. 
A delicate spectrometer shows tho two yellow sodtuiu 
lines l.)j and 1\, having wave-lengths of nSh’G and 
580'0 X 10"" cm. respectively, with a dark interval 
between them. As .soon as the oloctro-inagnot is 
excited, tho lines broaden out to nearly twice their 
ordinary width, and’ when a larger magnifying |X)wer 
is used, each lino is seen to bo split into two, tho 
interval being about joth of that botwoon tho origi- 
nal lines. This means that tho period of tho original 
vibration has been changed by about loo'oooth of its 
value in each component. This effect is very small, 
but still discoverable with tho best modern apparatus. 

The original vibration thus moditied consists of 
the rotation of electrons about positive atoms. 
These take ])lace in all sorts of planes, but we 
need only consider tho projections of their orbits 
upon the cross-section of the beam of light, since 
only transverse vibrations affect the eye. And 
hero again, we need only consider circular orbits, 
since all others can bo reduced to them. Those 
circular rotations can take place in a clockwise or 
anti-clockwi.se direction. Likewise, tho molecular 
electron currents in the magnet can bo in the two 
directions. Let them be clockwise as seen by the 
observer ; that is to say, lot the polo furthest from 
tho ob.server be a north-seeking polo. Then all 
the clockwise electrons in tho dame will be re- 
tarded, and all the auti-clockwiso electrons will be 
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accelerated, according to the laws of electro-magnetic 
imluctiou. The difToronco in the period thus pro- 
duced is, according to Lorentis — 

V 

t=i t IIt* 

m 4ir 

where t is the difference of periodic time, ^ is 

the ratio of charge to mass*of the electrons, H the 
magnetic field, and T the original period of all 
electrons constituting the original vibration. In- 
stead of all the electrons having the same period, 
wo shall have one set with a longer period, and 
the other with a shorter period. The difference 
of period moans a difference of wave-length and a 
difference of refraction, and hence also a separation 
in the spectrum. This is the Zeeman effect as 
seen in the direction of the lines of force. It will 
bo readily seen that it gave Prof. Lorontz a welcome 

opportunity of calculating the imi)ortant ratio 

since all the other quantities in the above equation 
arc known.* 

The unexpectedly large value of the ratio gave 

• If wo put ^ =l‘S>x 10^ H — 5000, amt T=2x lO-’* we get 

m 

I=1-9n10»x5000x-1x10-»'>: ^ . 

4ir ' 

= 3xl0“» 

and * 

T (UKKX) 

which agrees with the observations within the limits of error. 
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rise to various speculations ; but the smallness of 
the mass couhl not be accounted for, since no 
mass smaller than the hydrogen atom was known 
at that time. 

A further spoctro.scopi<! examination of the split 
lines showed that they consisted of circularly |K>lar- 
iscd light, the direction of rotation boitig in opjiosite 
directions in the two linos. A most important 
result was ilcduood from observing the cliroction of 
rotation in the two lines. Zeeman found that the 
electrons producing the longer wave-length were 
rotating clockwise, and the oloetri>ns proilucing the 
.shorter ami more refrangible waves were rotating 
anti-clockwise. This proved that the Uijlit-haring 
rotations vere those of negatively chargnj fiartuies ovlg. 
Indeed, wc know from the laws of induction that 
the clockwise rotations are retarded by clockwise 
molecular electron currents, thus lengthening the 
waves and increasing the rofrangibility, whereas the 
others arc accelerated. 

So much for the phenomenon as observed along 
the lines of magnetic force. At right angles to the 
lines of force a triplet is observed instead of a 
doublet. The two circular vibrations wo have been 
considering aro scon ond-on, and, therefore, appear 
plane - polarised, the plane of polarisation being 
parallel to the lines of force, and, therefore, at right 
angles to the vibrations of the electrons. There is 
the same difference of period as before, and, there- 
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fore, the same separation. But in this case there 
are also the vibrations along the lines of force in- 
fluencing the eye, but suffering no influence from 
the magnetic field, since electrons are only affected 
by such a field when they cross the linos of magnetic 
force. There being no difference of period produced 
in this case, the original vibration remains, and a 
central line ap|)cars between the other two. Being 
duo to vibrations along the lines of force, the ruys 
are polarised in a plane at right angles to the lines 
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of force. In this case there can bo no doubt as to 
the direction of vibration of particles giving rise 
to polarised light, and an old optical controversy, 
already partly decided by Hertz’s experiments, is 
thus finally set at rest. 

This is the famous Zeeman effect in its simplest 
form. The main phenomena are shown in the 
diagram (Fig. 31), where the solid lino shows the 
ordinary Dj lino, tho punctuated lines show the 
circularly polarised lines as seen along tho lines of 
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force, anil the shaded lines are the lines polarised in 
two did'orent pianos, as seen across tho lines of force. 

But tho effect is not in reality as simple as it 
would appear from the above description. The 
very fact that there arc two dilforent sodium lines 
sho^vs that the electron-s revolvinjj round tho sodium 
atom have two different natural |vriod.s, or that 
oaih atom has two electrons revolving round it, 
like two satellites with difloront iioriods. But 
affairs are still more complicated in tho spectra 
of tho heavier metals, some of which have hun- 
dreds of spectrum lines distributed apparently at 
random. This means a great number of electrons 
attached to each atom, or jwrhaps to a complicated 
group of atoms, and so much within eaidi other’s 
sphere of influence that they di.sturb each other’s 
motion, and superpose extra vibrations of higher 
frequencies upon their fundamental periods. Ai;- 
cordingly wo find, notably in tho magnetic metals, 
some very complicated Zeeman effects, lines being 
split up into four, five, seven, or oven nine com- 
ponents. But, far from being a discouragement, this 
bewildering variety has been a valuable stimulus to 
research into the intimate structure of the chemical 
atom. The spectrum is, so to speak, the anatomical 
atlas of the chemical atom, and the index to this 
atlas is supplied by the Zeeman effect. 

For it has been found that the lines of each 
element can be grouped into several series which 
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follow in harmonic succession, and where each series 
shows the same Zeeman effect in all its lines, but 
where tho effect alters from one series to another. 
Apart from this, there is a mathematical analysis 
of the atomic vibrations yet to como, and, perhaps, 
before very long, wo shall have deBnite information 
concerning tho number of electrons circulating 
round tho atom of some element, and concerning 
tho manner in which those revolving electrons give 
rise to its complicated spectrum. Wo may thus 
arrive at a knowledge of tho atomic system as 
precise as is, on a much larger scale, our know- 
ledge of tho motions an<l perturbations of tho 
planots in the Solar System. 

(1) Thf Faraday FJert . — Tho first magneto-optic 
etl’oct discovered was that named the Faraday 
olVect. When .plane-polarised yellow light is sent 
through bisulphide of carbon contained in a imig- 
netic field of 5000 units, in the direction of the 
lines of force, tho plane of polarisation is found 
to have been turned through an angle of three 
and a half degrees for every centimetre of the 
liquid traversed by tho beam. Tho sense of the 
roUtion is contrary to tho direction of tho electron 
currents constituting the magnet. In other words, 
it is in the same direction as tho (positive) ' current ” 
which excites tho magnet. 

This phenomenon admits of a simple explanation 
on the basis of tho electron theor}'. 
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Erery plano-polariscd boam may bo oonsidorod 
as consisting of two beams circularly polarised in 
opposite directiona The beam circularly vibrating 
in the direction of the electron currents' of the 
magnet is retmlod. owing to molecular induction 
within the liquid, and the oppositely rotating boam 
is accelerated. W’.ion, therefore, the two beams 
combine again on emerging from the liquid, the 
plane has beon turned in the direction of the fxstcr 
rotation — that is to say. in the direction opposed to 
the electron currents of the magnet. 

This is the cxpl.ination reduced to its .simplest 
tonus. But tlii.s ctl’oct, like the Zcc.inan effect, 
shows a variety of detail. The rotation per cm. 
in unit magnetic field (a quant ity known a.s Verdet’s 
constant) changes from one sub.st.anco to another, .and 
in a few rare cases oven becomes negative. Thus 
in carbon bisulphide, it is 0'()42 minutes of arc, in 
water 0'012, in glass 0'02 to 0‘0!), while in com- 
pressed air it is 0 0U03, and incre.aso3 with the 
pressure. 

To return to Drudo’s equation (p. 228). If the 
velocity of propagation is v, the refractive index n, 
the density of rotating electrons N, their ‘‘ laxity ” 6, 
the length of wave naturally emitted by them L, 
and the incident wave-length wo have 
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This equation .shows that, as the natural period 
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L increases, the velocity v diminishes — that is to 
say, if the rotating electron is retarded by magnetic 
force or otherwise, it transmits the incident light 
with a smaller velocity. Now we know that the 
electron is retarded when it rotates in the same 
direction os the electrons producing the magnetic 
field. Hence the circularly polarised beam trans- 
mitted by the opposite rotation will be propagated 
more quickly. 

This supix)sos that X“ is larger than L*. If it 
is not, the denominator — and, therefore, also the 
whole fraction — becomes negative, and the larger 
the natural wave-length the greater will bo the 
velocity. This is then a case of .anomalous dls- 
tKjrsion. It occurs when L' is larger than X' — 
i.r. when the proper pori<xl of the electrons is in 
the infra-red. Normal dispersion occurs when the 
proper period of the electron is in the ultra-violet. 

These considerations explain why the Faraday 
etVect is sometimes reversed. 

(c) The Kerr Effect . — Kerr discovered that plane- 
polaiised light reflected from the polished jx>le.s of 
an eloctro-iuiignet is clliptically polarised. Hocent 
experiments have shown that this is simply a 
special case of the Faraday effect. All reflected 
light penetrates for some very small depth into 
the reflected surface. Light reflected fi’om iron 
passes through a few molecular layers, and repasses 
them on being reflected. These two passages 
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amount to a transmission tbrough tho substance 
of iron. Now, iron has boon oxamino«i in very 
thin transparent films producotl by cathode <Hs- 
integration, and found to oxert a very powerful 
Faraday oflect. It is, thorofore, not surprising 
that tho passage of light even through tho very 
thin films required for rofloction should suffice to 
produce a very perceptible rotation of its piano of 
polarisation, more especially as tho ofl'oet of both 
passages is in tlie same direction. Thoroin lies a 
fundamental dillorcnce from purely optical rotation. 
When a beam of light is sent through an “opti- 
cally active ” substance, both going and roturning, 
its plane is not rotated at all. Transmission in 
one direction is compensated by transmission in tho 
reverse direction. In magneto-optic rotation tho 
turning of tho piano of ]H>larisation is always in tho 
direction of tho fpo.sitivo) magnetising current, and 
hence the rotation is proportltnal to tho number of 
limes the beam is tran.smitlcd either way. 

(ft) MacnltiMi-Corhino Jifftct . — Shortly after Zee- 
man’s discovery, two Italian physicists, Macaluso 
and Corbino, announced that, on transmitting a 
plane-polarised yellow beam through sodium vapour 
])lacod in a magnetic field, there was a strong mag- 
neto-optic rotation in tho neighbourhood of the 
absorption bands. This follows as a matter of 
course from the above facts and considerations. 
We have already seen that when A is very nearly 
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equal to L, the third term in Drude’s equation 
becomes enormous, and hence the velocity of trans- 
mission is powerfully affected when the wave-length 
of the incident sodium light is nearly the same as 
the wave-length of the period proper to the electrons 
rotating in the electric hold. 

The whole chapter of magneto-optics, like that of 
the galvano-magnetic and thermo-rnagnetic effects 
to bo dealt with next, still bristles with probh-ms 
awaiting solution. But the electron theory has 
for the first time indicated the general lines .along 
which a complete solution of outst.anding questions 
may be looked for. 



CTIAPTEH XIV 

KLlU'TKiriTY, IIKAT, AND MAONKTI^^M 

The relations bolwcon oloctricit.y and heal have 
alread)' boon dealt with in the chapter on Thermo- 
electricity (p. 121). As already slated, they involve 
the intimate structure of the choniical elements, 
and are therefore loss definite than most of the 
otlier electrical properties of matter. When these 
relations arc complicated by tlio presence of a 
magnetic field, their investigation becomes by no 
means easier; but the more multitudinous and 
complicated they are, the more information do 
they give us concerning the hidden structure of 
the chemical atom and the building up of solid 
substances. 

Let a thin metallic plate (Fig. 32) be traversed 
by a current from the battery B. According to the 
electron theory, this current consists mainly in the 
motion of electrons from the negative terminal to 
the positive terminal — i,e, in the direction opposed 
to what is conventionally called the current. The 
positive atoms move in the opposite direction, but 
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being hain[)orod by their much greater size, the 
part which they contribute towards the convection 
of tho current is insignificant. 

Now lot the north-seeking pole, N, of an olectro- 
nmgnot be brought under the plate. Then the 
following four phouoinena are ob.served. 



1. A dift’erence of potential f>etween the sides. 

2. A dilVerence of temperaturo between the sides 
of tho plate. 

3. A change in the electrical conductivity of tho 
plate. 

4. A change in the conductivity for heat. 

If, instead of an electric current, a current of 
heat is directed through the plate in the same 
direction, as, for instance, by heating C to boiling 
point and keeping D cool, tho same four phono- 
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mena are observed. Thus vre have eight galvano- 
uiagnetic and thermo-magnetic phenomena, which 
show an intimate connection l)Ctwoen currents of 
heat, currents of electricity, and magnetism. 

Now it must bo stated at once that those oilect 
vary very much, both in quantity and diroctioi 
from one sub.-.tam‘j to am'ther, and there is only 
nne substance — bismuth — in which all the eight 
eftcots have as yet been measured. Such moasuro- 
ments arc very ditlicult to carry out, on account. 
<d’ the many sources of error, anri llio decisive influ- 
ence of even sliglit impurities. Nevertheless, ,some 
valuable rules have been discovered, and the electron 
theory has shown itself well able to cope with lhc.so 
strange phenomena. 

In every case the effect is proportioned to tho 
intemsity of the electric current or heat cairront. 
'I’his is readily understood. It is also invunsoly pro- 
portional to the thickness of the j)lalo. This also 
is capable of a sini]>lo explanation. 

Tho transverse effects (1) and (2) and the cor- 
responding ones in tho case of tho heat current are 
proportional to tho magnetic field. Tho chfinges of 
conductivity are supposed to be proportional to the 
square of the magnetic field, but are generally very 
feeble. 

Traiisverse Effects. — Tho effects in bismuth may 
be summarised as follows: A current of heat pro- 
duces the same effects as a current of electrons. It is 
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deflected by a mgignetic field in the same direction 
as cathode rays aro deflected. In a plate traversed 
by either a heat current or an electron current, 
a magnetic field increases the resistance and the 





thermal conductivity. A deflection of the current 
of heat to one side is accompanied by a negative 
charge acquired by that side. 

The four transverse eflects are shown diagrani- 
matically in Fig. 33, whore the circles with arrow- 
heads indicate the direction of revolution of the 
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electron currents which |)roduco the inagnotic liohl, 
and the huijj arrows ropres*uit the licat currents or 
electric currents. 

The Hall elVect in hisnnith is easily explained. 
The electrons constituting the electron etirrent 
thread tlieir laborious way through the crystallino 
agglomerations of ‘hismuth atoms, ‘uul whonovor 
they are free to follow tlio cluctrio force they dart 
forward in the direct ii>n of tlio electron enrrent — 
i.>'. fnnn right to left. Ihit while traversing their 
free path they are .snhjoct to dolleetion by the 
nuignetic force. This will urge them U»wards the 
lower c<lgc of iho i>latc, and that edge, there- 
fore, acijiiiros a in'gativc charge. The upper edge 
being drained of cloctroas, acquires a positive 
charge, and when the two edges are joined by a 
wire, a small but steady current passes through 
tho wire. 

To understand tlio analogous cflcct of a heat, 
current, it must be romerubered that electrons are 
particles capable of convoying energy of motion, 
and that they therefore arc just as capable of pro- 
pagating heat as tho heavier atoms are. But in 
most substances heat has tho effect of dissociating 
neutral atoms. More electrons are split off and set 
roaming at large. There is a greater number of 
free electrons in unit volume of tho hot metal than 
in unit volume of tho cold metal. To equalise this 
difference of density, electrons diiluso from the hot 
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metal to the cold metal, and thus constitute an 
cletdron current which travels in the same direction 
as the heat current. 

'I’ho Nern.st effect falls under this explanation. 
The electrons constituting part of the heat current 
are deflected in the same direction as those con- 
veying tho electric current, an(f accumulate in the 
lower edge of tho plate as before. 

No sooner is tho difl'oronco of potential estab- 
lished between tho opposite edges than a crr>ss- 
curront sets in to equalise it. But tho rapidity 
with which this process of equalisation takes place 
depends u])on tho resistance of tho plate, and this 
is tho greater the thinner it is. It is, therefore, 
readily understood that tho Hall and Nernst effects 
are inversely proportional to tho thickness of tho 
])lato, as stated above. 

Tho Eltingshauscn and Lcduc efl’ects are similarly 
explained. Though tabulated separately from tho 
other two effects, they aro really inseparable from 
thorn. Tho Hall and Ettingshausen eflbcts occur 
together, tho cold odgo being positively charged 
and the warm odgo negatively, and the Nernst 
and Lcduc cflects are similarly linked. Tho 
former are called “ galvano-magnetic,” and tho 
latter “ thermo-magnetic,” eft'oets. As before, tho 
equalisation of temperatures between the opposite 
edges depends upon the intervening conductivity 
for heat. 


B 
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Ejects similar in every rospoci. but much foob tjr, 
are presented by carUm and nickel. Of the four 
ofteets de-scribcd, the Hall olVoct was the first dis- 
oovore<l, and it is always the ca.siest to ob.sorvo. 
since ni> incasiircinonts of temporaUirc are involvo<l. 
Even with very thin plate.s and -.troni; tiolds, the 
E.M.F. hotwoon the edges does not exceed a fi w 
thousandths ot" a volt. Hut that is well within 
otK' powers of nieasurement. It is I>y far the 
largest in bismuth. l>oing 400 times greater than in 
tiii kol, which comes next in order. It is smallest 
in tin and lead. 

The llitll i;fl'c<*t depends upon a ditVcrcnce in 
the mobilities of the pcesitive and negalivo carriers 
of electricity, and its exisionco in metals confirms 
the sujijiosilion that metallic conduction is carried 
on mainly by electrons. In Ii<juids, the effect has 
been looked for in vain, for two reasons. The 
ions in liquids arc much more thinly scattered 
than in metals, and their mobilities are much 
more nearly equal. It may bo roughly esti- 
mated that in mo.st ordinary inotjd.s tho mobility 
of tho electron exceeds that of tho positive atoms 
100 or 200 times. In electrolytes, no ion over 
has a mobility more than about 10 limes that 
of another ion. Hence it is clear that tho Italian 
physicists who started in search of tho Hall effect 
in liquids attempted practically an impossible 
task. 
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Owing to the fact that free electrons have a 
great tendency to condense water about them, 
and to form heavier negative ions, they do not 
act as carriers in liquids. In gases, on the other 
hand, they are present in large 
number.s, and giisoous conduc- 
tion is carrie<l on mainly by 
electrons and positive atoms. 

Hence there is quite a per- 
ceptible Hall efTect in g!i.ses, 
especii-ally hot gase.s, where 
the ionisation is groat. The 
Hall cfVect has been proved to 
e.xist in llamos without much 
diiliculty. 

Lotiyitiiffiiiftl Kjlhcta. — The 
longitudinal ctVeots are not re- 
versed by reversing the magnetic 
field. 'I'liey .simply depend 
upon the state of things at the 
ends of the plate, and are in- 
rtcpcndont of the charge or Fio. 34 . 

tenqieraturo of the sides. 

The four effects are shown diagrammatically 
in Fig. 34. The electron currents are deflected 
in the direction in which the arrows are bent, and 
the heat currents arc deflected in the same direction 
when electrons are diverted towards the lower edge 
of the plate, instead of making straight for the loft- 
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hand edge ; the left-hand edge will naturally be loss 
negatively charged than before. It will, in fact, rise 
in positive potential, and will become comparatively 
more positive than the right-hand edge — that is to 
say, the original difference of potential is increased. 
The same thing would happen if the plate were 
made either longer or thinner. It amounts to this, 
then : that the magnetic field increases the resistance 
of the bismuth. The increase in a field of 10,000 
units amounts to as much iis one-third of tho 
original resistance This property is so constimt 
and reliable that it has boon used for measuring 
the strength of magnetic fields. All that is re- 
quired is a small coil of bismuth and a resistance- 
box. The resistance of the coil of bismuth indicates 
the strength of tho magnetic field at tho place where 
it happens to bo. It can oven bo used for alternating 
magnetic fields; but these must not bo too rapid, 
as otherwise tho electrons have no time to get 
deflected out of their paths, and then tho resistance 
remains constant. 

The fourth longitudinal effect is a direct in- 
crease of the “ thermal resistance,” or a diminution 
of the conductivity for heat. The cool end 
of tho plate becomes cooler than before as soon 
as tho magnet is excited. It gives up less heat 
to the cooling water than it did before. Again 
the effect is as if the plate had been lengthened. 
It is due, as before, to tho deflection of the elec- 
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irons which constitute the largest part of the heat 
current. 

The other two effects are reciprocal effects of 
currents of heat and of electricity. The heat 
current consisting mainly of electrons, any deflec- 
tion of it implies a deflection of (negative) elec- 
tricity, and wherever there is an accumulation of 
heat there is also an accumulation of electrons — in 
other words, a negative electrification. 

Tlie eight effects may be combined into a 
single diagram (Fig. 35), where the arrows show 
the direction and de- 
flection of a current, 
which may bo either 
a heat current or an 
electron current. 

Jtcrersed EJfects . — It 
appears from the above 
details that the elec- 
tron theory of metallic conduction suffices for 
e.Kplaining all tlic manifold relations between heat, 
electricity, and magnetism as far as bismuth is 
concerned. But in other metals the transverse 
eflects are difierent, while the longitudinal oftects 
are, as a rule, too small to bo observed. In 
antimony, cobalt, and tellurium the direct (Hall 
and Leduc) effects are reversed, and in iron 
they are all reversed. This moans that the 
laws of metallic conduction are modified by other 
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iaflueaces. The efifects in cobalt are too small 
to draw any conclusions from them; but in 
antimony and tellurium the reversal of the two 
effects indicates a structure which allies those metals 
to the non-metallic elements. There is probably 
very little direct dissociation into positive atoms and 
electrons. The dissociation is probably more like 
what we have in electrolytic dissociation, each elec- 
tron gathering neutral atoms round it to form 
heavier ions. The electron, thus weighted, has no 
advantage of mobility over the positive ions, and 
may even bo inferior in mobility to the latter. That 
the reciprocal effects hold good shows that heat 
produces a splitting-off of electrons, as in bismuth. 

This docs not appear to be the case in iron, 
where it is known that heat does not produce a 
spontaneous evolution of free electrons. Wo know 
from the strong magnetic properties of iron that 
the molecules of iron are quite free to place them- 
selves in any direction they choose, and that they 
do place their magnetic axes into coincidence with 
the axis of a magnetic field. This indicates a great 
freedom of the ponderable material of iron. Its 
treble valency also shows that one positive atom 
can bind several electrons. It may therefore well 
happen that most of the electrons ore bound rip 
with atoms, while a large number of positive atoms 
are roaming free, and although they have not the 
great mobility of the electrons, they make up for 
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that by their superior numbers. The same con- 
siderations will explain the reversal of the Thomson 
effect in iron, without having recourse to the as- 
sumption of free positive electrons, which are not 
indicated by any other phenomenon. 
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RADIO-ACTIVITY 

A NEW branch has been added to physical science 
within the last ten years. The phenomena of 
radio-activity are impossible on the basis of the 
older atomic theory of chemistry, though they add 
new proofs of the atomic structure of matter. They 
are largely electrical phenomena, and arc quite 
inconsistent with the view, sometimes tentatively 
put forward, that electricity, like heat, is a mode 
of motion. The phenomena of radio-activity have 
confirmed the atomic structure of matter, but have 
abolished the dogma of the indestructibility of tlio 
atom. They have created a new department of 
chemistry by giving us access to the hidden re- 
cesses of the atom itself. They have also defi- 
nitely established the atomic structure of electricity, 
substituting the indivisible and indestructible elec- 
tron for the chemical atom, now no longer considered 
either indivisible or indestructible. 

That, surely, is a tremendous revolution, a re- 
volution for which the closing years of the nine- 
..^teenth century will be for ever memorable. 

This is not the place to give a detailed account 

a64 
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of the phenomena presented by the radio-active 
substancca 1 shall restrict myself to those phe- 
nomena which have an immediate bearing upon the 
electron theory. 

In the course of the present sketch of the chief 
facts of electricity and magnetism in the light of 
the electron theory, I have only incidentally referred 
to radio-activity, preferring to establish the theory 
first in regions more familiar to the student. I 
think I can claim to havo shown that in the more 
ordinary electric phonomona, the electron theory not 
only explains observed facts much better than any 
other theory hitherto accepted, but unifies all facts in 
a manner hitherto unapproached, and forms a firm 
and fruitful basis for further research. In pro- 
ceeding, however, to radio-activity, we find that the 
electron theory becomes paramount and indispens- 
able, and that it seems likely to annex the greater 
part of physics and the whole of chemistry. 

The radio-active bodies hitherto investigated are 
uranium, thorium, radium, actinium, and polonium. 
Of these uranium and thorium were well known 
to chemists before the discovery of radio-activity. 
The others were discovered by their radio-active 
properties. 

Radio-activity — a term invented by Madame Curie, 
now Professor of Chemistry at Paris University — 
consists in the spoutauoous emission of eath«Hlo 
rays, canal rays, or Rbutgon rays — that is to say. 
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of electrons, positive atoms, or ethor-pulscs, or of 
several of these at the same time. 

The “ positive atoms ” emitted are, however, not 
atoms of the substance itself, but atoms of a very 
much lighter substance, consisting of either hydro- 
gen or helium, probably the latter. This is the 
most astounding fact of the whole now range of 
phenomena. A well-defined chemical atom, with 
a characteristic spectrum of its own, splits into two, 
one of them an atom of a gas found in the sun and 
the earth, the other a substance which undergoes 
further decomposition by giving off more atoms of 
helium and electrons, and finally, perhaps, trans- 
forms itself into some other known *' element.” 

The substance showing the greatest number of 
radio-active phenomena, and those in the fullest 
detail, is radium, discovered by Prof, and Madame 
Curie in 1898. It is supposed to bo “descended” 
from uranium, and it develops into load after six 
intermediate changes. Each change takes a defi- 
nite time to complete itself in a given weight of 
the substance. As Rutherford says,^ “ There can bo 
no doubt that in the radio-elements we are wit- 
nessing the spontaneous transformation of matter, 
and that the different products which arise mark 
the stages as halting-places in the process of trans- 
formation, where the atoms are able to exbt for a 

^ “Radio-activity/* By B. Rutherford: Cambridge University 
Press, 1905. 
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short time before again breaking up into new 
systems.” 

Radium is a metal closely allied to barium in its 
chemical properties. Its atomic weight is 225, and 
is only exceeded by the two radio-active elements 
uranium (240) and thorium (232’5). The atoms of 
radium are in imperfect equilibrium ; but the break- 
up of an atom occurs so rarely that only one atom 
in ten thousand million breaks up every second in 
one gramme of pure radium. Since a gramme of 
pure radium contains about 4x10^' atoms, this 
moans that one gramme of pure radium spon- 
taneously breaks up 4 x 10'^ of its atoms every 
second. The break-up of the atoms results in the 
projection of a positively charged helium atom with a 
velocity in many cases approaching the velocity of 
light. These charged particles are the so-called a- 
rays, whose nature was a niystery until their dodection 
by a magnet was clearly established by using a very 
strong field. The proportion between radium atoms 
present and radium disintegrated is very constant, 
and quite independent of heat or any other physical 
or chemical agent. The more the ra<lium is disin- 
tegrated, the more slowly will the remainder disin- 
tegrate. The rate of disintegration, as well as the 
intensity of the a-rays, decreases, as they say, accord- 
ing to an exponential law. The most convenient way 
of stating the stability of such a body as radium is 
to state the time a gramme of the substance would 
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take to transform or disintegrate half its atoms. 
This time, T, is 1300 years in the case of radium. 
We therefore see that if pure radium has a certain 
radio-activity ti)-day, that activity will have fallen 
to half its present value in A.n. 3206. Meanwhile, 
what becomes of the products of disintegration ? 

The helium atoms fly off into the surrounding 
gas and ionise its molecules by collision. They are 
stopped in 3 cm. of air at atmospheric pressure ; but 
not before they have produced about 86,000 ions 
for each helium atom stopped. Now a billion 
helium atoms do not give much helium, certainly 
not a measurable quantity. But that quantity 
becomes discoverable by spectroscopy when it is 
multiplied about 100 million times, and this takes 
about 100 million seconds, or about four years. 
Helium has actually boon observed by Ramsay 
and Soddy in the spectrum of a tube containing 
radium after a considerable lapse of time. More- 
over, helium is found occluded in all radium 
minerals in proportion to the amount of radium 
present, having boon accumulated there since the 
radium was formed. 

What remains of the radium atom after the 
helium atom is split off forms an atom of an inert 
gas resembling argon. This gas emanates from the 
radium mineral, and can be drawn off in a current 
of air and condensed at a temperature of — 150° C. 
It is called Radium Emanation. Its atomic weight 
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is 221, since that of the helium atom is 4, and of 
the radium atom 225. 

The atom of emanation gives olf another a- 
particle or helium atom, which goes to swell the 
amount of helium evolved direct from radium, 
and what then remains is no longer a gas, but a 
solid, which deposits itself on tnc walls of the vessel, 
and is called radium A, with an atomic weight of 
217. 

This change is much more rapid than that of the 
radium into emanation. The emanation is much 
more unstable than the radium itself. While 
nulium takes 1300 years to transmute itself by 
half, the same process is accomplished in radium 
emanation in 3*8 days. 

If, therefore, the emanation is drawn oft' into a 
separate tube, half of it is precipitated on the walls 
within 3‘8 days, with evolution of helium. If now 
the helium and the remaining emanation is drawn 
oft’ by a current of gas, we have a deposit of radium 
A on the walls of the tube far too minute to be seen 
or weighed, but discoverable by its radio-activity. 
For radium A also decomposes. It is soluble in 
strong acids, which, however, do not affect its rate of 
disintegration. It can be volatilised at 1000° C.,but 
again without aft'ecting its rate of inevitable decay. 
Its disintegration is accompanied by another expul- 
sion of a helium atom — the third so far — and the 
remainder forms another solid deposit called radium 
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B. This conversion completes itself half in three 
minutes, and is the most rapid of all radium trans- 
formations. Radium B volatilises at 700“ C. It 
disintegrates in turn, transforming itself by half in 
21 minutes. But this transformation is not accom- 
panied by any expulsion, and probably consists in 
some rearrangement of material within the atom. 

The next stage is radium C, another solid sub- 
stance, which volatilises at 1000° C., and makes up 
for the absence of rays in radium B by emitting no 
less than three different kinds of rays. Each atom 
of radium C which decomposes throws off a helium 
atom and an electron, and gives rise to an electro- 
magnetic wave-pulse or Rdntgen ray. Its time of 
half-decay, T, is 28 minutes. Radium B was dis- 
covered solely through the initial irregularity of the 
curves of decay of radium C. These throe pro- 
ducts, radium A, B, and C, together form the active 
deposit due to radium emanation. But after their 
disintegration, which, we have seen, does not take 
many minutes, they give rise to throe further pro- 
ducts, called radium D, E, and F respectively, which 
together form the “ permanent ” active deposit. T 
is about 40 years in the case of radium D, and the 
change is another rayless one. T for radium E is 
six days. It is non-volatile, but gives off electrons 
and Rontgen rays. The final product is radium F, 
whose T is 143 days. It gives off helium atoms 
(a-rays) only, and is deposited on bismuth from 
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solution. This radium F is an exceedingly in- 
teresting body. All its properties are identical 
with those of another radio-active body discovered 
independently by Madame Curie, and called by her 
“ Polonium,” in honour of her native country, and 
also by Marckwald in Germany, who found it 
associated with tellurium, and ' therefore styled it 
“ radio-tellurium.” The credit of accomplishing the 
long and laborious researches for tracing the parent- 
age of polonium belongs to Rutherford, of Montreal. 
Hero is the full pedigree : — 


Kiidium 

1 

^ivGs off helium atoms. 

1 

Emanation 

1 

ff f* ff 

1 

Kadium A 

1 

ft ff ft 

1 

Radium B 

1 

„ no rays. 

, 1 

Radium 0 

„ helium atoms, eli‘ctrt>ns, and X-rayi 

1 

Radium D 

„ no rays. 

Radium E 

„ electrons and X-rays. 

Radium F 

„ helium atoms. 


= Polonium = radio-lull uriuin. 


It will be remembered that all these changes, 
except the evolution of helium, are undiscoverable 
by chemical or even spectroscopic means. The sub- 
stances only identify themselves by their radiations, 
and the manner in which that radiation decays. 
The radiations may be observed in different ways; 
but the most convenient method is by the ionisa- 
tion of air, whereby a delicate electroscope is dis- 
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charged. For aught we know, many more changes 
may be continually going on, not only in radio- 
active bodies, but in ordinary matter. The «-rays or 
helium atoms cease to produce ionisation when their 
velocity falls below the enormous figure of 10® cm. 
per second, or one-thirtieth of that of light. Con- 
sequently, it is qiilco possible that all matter may 
be gradually disintegrating, but not with the ex- 
plosive violence of the radio-active bodies, and there- 
fore nnperceived. Many indications go to show 
that polonium itself eventually changes into either 
lead or bismuth. 

Uranium, th(trium, and actinium show a some- 
what similar life-history ; but in their case the first 
product formed is not an emanation, but a solid. 
Uranium gives rise to " Uranium X,” and any 
further cliange is at pre.sont unknown. Uranium 
takes about COO million years to transform itself by 
half. Each atom which disintegrates gives off an 
a-particle (liolium atom), and leaves behind an atom 
of a new .substance, which disintegrates much more 
easily. This new substance is called uranium X. It 
was for some time considered to be the solo active 
constituent of uranium. Its discovery is described 
by Rutherford as follows : — 

“The experiments of Mme. Curie show that 
the radio-activity of uranium and radium is an 
atomic phenomenon. The activity of any uranium 
compound depends only on the amount of that 
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oleirient present, and is unaifected by its chemical 
combination with other substances, and is not 
appreciably affected by wide variations of tempe- 
rature. It would thus seem probable, since the 
activity of uranium is a specific property of the 
element, that the activity could not be separated 
from it by chemical agencies. ’In 1900 , however, 
Sir William Crookes showed that, by a single 
chemical operation, uranium could bo obtained 
photographically inactive, while the whole of the 
activity could bo concentrated in a small residue 
free from uranium. This residue, to which ho gave 
the name of ‘ Ur X,’ was many hundred times more 
active photographically, weight for weight, than the 
uranium from which it had been separated. The 
method employed for this separation was to pre- 
cipitate a solution of the uranium with ammonium 
carbonate. On dissolving the precipitate in an 
excess of the reagent a light precipitate remained 
behind. This was filtered, and constituted the 
Ur X. The active substance Ur X was probably 
present in a very small quantity, mixed with ini- 
purities derived from the uranium. No new lines 
were observed in the spectrum. A partial separa- 
tion of the activity of uranium was also effected by 
another method. Crystallised uranium nitrate was 
dissolved in ether, when it was found that the 
uranium divided itself between the ether and water 
present in two unequal fractions. The small part 
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dissolved in the water layer was found to contain 
practically all iho activity when examined by the 
photographic method, while the other fraction was 
almost inactive. These results, taken by them- 
selves, pointed very strongly to the conclusion that 
the activity of uranium Avas not due to the element 
itself, but to some other substance associated with 
it, Avhich had distinct chemical properties. 

Results of a similar character were observed by 
Becqucrcl. It was found that barium could bo 
made photographically very active by adding bariuni 
chloride to the uranium solution and precipitating 
the barium as sulphate. By a succession of preci- 
pitations the uranium was rendered photograj>hi- 
cally almost inactive, while the barium was strongly 
active. 

“The inactive uranium and the active barium 
were laid aside; but, on examining them a year 
later, it was found that the uranium had completely 
regained its activity, while that of the barium had 
completely disappeared. The loss of activity of 
uranium Avas thus only temporary in character.” 

The obvious explanation of this peculiar be- 
haviour was that uranium continually evolves some 
substance much more active than itself, which can 
be chemically separated from it. This now sub- 
stance, Uranium X, decays to half- value in 22 days, 
instead of hundreds of millions of years. The 
original uranium can only be identified by a feeble 



RADIO-ACTIVITY 275 

radio-activity consisting in the expulsion of helium 
atoms. 

Thorium and actinium give rise to similar pro- 
ducts called thorium X imd actinium X respec- 
tively, From these a gas or emanation is developed, 
which, however, is extremely unstable and takes only 
a few seconds to decay by half. Thorium emana- 
tion gives rise to two successive decomposidon 
products called thorium A and thorium B. They 
form a deposit on bodies and are concentrated on 
the cathode in an electric field. Thorium A is 
more volatile than thorium B. 

Lastly, actinium emanation gives rise to actinium 
A and actinium B, which are deposited on bodies- 
concentrated on the cathode in an electric field, and 
are soluble m ammonia and strong acids : they are 
volatilised at the boiling-point of water. Actinium 
A can bo separated from actinium B by electrolysis. 
Both thorium B and actinium B omit three sorts 
of rays, while their “ parents ” emit none. Their 
life period counts by minutes. 

These are all the radio-active bodies and disin- 
tegration products hitherto known. The list will, 
no doubt, soon be extended — possibly into the 
region of well-known bodies like lead, mercury, 
and gold. Research is busy with the momentous 
question as to whether any artificial method can 
accelerate or retard this process of disintegration. 
This is a question not at all easy of solution. The 
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effect of heat may not Ite to accoloralo or retard 
decay, but to make tho presence or absence of a 
given substance either more or less evident to us, 
as they differ in melting-point or volatility. Tho 
hvet that uranium shows the same activity in liquid 
air and at ordinary temperatures goes to show that 
the activity resides within tho atom itself. P, Curio 
also found that tho luminosity of radium and its 
power of exciting fluorescence in bodies wore retained 
at the temperature of lujuid air. If a radium com- 
pound is heated in an open vessel, it is found that 
tho activity, measured by tho «-rays. falls to about 
25 per cent, of its original value. Tbi.s, however, 
is explained by liuthorforfl as not being duo to a 
change in tho radio-activity, but to tho release 
of the radium-emanation, which is stored in the 
radium. No alteration is observed if tho radium is 
heated in a closed vessel, from which none of the 
radio-aotivo products are able to escape. 

Of all the radio-activo materials mentioned, 
radium pf)sscsses the most striking properties. It 
is two million times more active than uranium, 
and a few milligraramas suffice to produce strong 
photographic action, to discharge electroscopes, to 
give a brilliant luminosity to a fluorescent screen, 
and to produce dangerous and painful effects on 
the skin. All radium compounds shine in tho 
dark, especially when dry. A small quantity has 
been known to give light enough to read by in a 
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dark room, though that practice is by no means to 
be recommended. But it is not the purest pre- 
parations of radium salt that give most light. A 
strong admixture of barium increases the lumi- 
nosity, which is by no means so well-defined a 
property as the radio-activity. 

A radium preparation — visually a few milli- 
grammes of radium bromide mounted between 
thin glass plates — ogives out a-rays, j8-rays (which 
are identical with projected electrons and cathode 
rays), and the so-called -y-rays, or ether pulses, 
which do not consist of any kind of projected 
particles. The a-rays are, as mentioned above, 
in all probability atoms of helium, and are, there- 
fore, very much bulkier than electrons. The latter 
have, indeed, a hundred times more power of pene- 
tration than the former, and can pass through a 
sheet of aluminium h.alf a millimetre thick. But 
this power of penetration is surpassed over a hun- 
dred times by the -y-rays, the most penetrating 
radiation known, which can pierce through 3 in. of 
aluminium and i in, of load ! 

• That these three radiations .arc simultaneously 
emitted by the radium preparatii)n is readily 
understood if wo consider that the preparation 
contains not only the original radium, which slowly 
evolves helium atoms, bvit also the emanation and 
t.he active deposits, including radium C, which 
gives off all those classes of rays. 
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The throe radiations are readily separated by a 
strong magnetic field. If a thin lino of radium is 
placed along the linos of force in a narrow hori- 
zontal trough, tho y-rays shoot straight upwards, 
while the /3-rays, being electrons, arc bent over to 
one side, and the a-rays deflected to a very mucli 
slighter extent towiirds tho other side. Those 
electrons that are projected in a lino at right 
angles to tho trough describe conij)loto circles if 
free to do so, and it Is possible to inako them 
record their presence on a photographic film at any 
point in the circuiiifercnco. Such tracings of tho 
path of tho electrons projected by radium are 
capable of great delicacy. Kaiifmann succeeded 
in showing both their magnetic and electric de- 
flection simultaneously, and was thus enabled to 

determine tho ratio of tho charge to the mass. 

It turned out to be exactly the same as tho value 
deduced from cathode rays and from tho Zeeman 
effect, and thus furnished a striking proof of tlie 
fundamental importance and identity of electrons. 

A remarkable phenomenon, first observed by 
Curio, is that radium maintains itself steadily at a 
temperature about S'" above its surroundings. This 
heat is most due to tho expulsion of helium atoms. 
It has been calculated that 1 gramme of radium 
gives off 100 gramme-calories of heat per hour. 
This would mean that during its whole “life” it 
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would give off 1’6 x 10* gramme-calories, or about a 
million times more energy, weight for weight, than 
was hitherto known in any chemical reaction. This 
fact enables us to realise the vast forces which may 
become available once we can control the rate of 
disintegration of the atom. It confirms what was 
said in tho initial chapters with regard to the vast 
stores of energy perceptible in the most elementary 
electrical phenomena as soon as we deal with them 
on a molecular scale. 
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COXSTITUTIOX OF THE ELECTRON 

We have seen that practically all tho known phono- 
mena of electricity and magnotism can bo explained 
by assuming that — 

1. The electric current consists in tho motion of 
very small electric particles called electrons, having 
a definite and constant charge, and a definite mass 
which is constant, but liocomes larger at very high 
velocities. 

2. These electrons fire usually associated with 
atoms of ordinary matter, round which they de- 
scribe circular or cUij)tical orbits, with })eriods 
approaching those of visible light-waves. 

3. That there is a force of attraction between 
the atoms and the electrons belonging to it which 
continues to act when they are separated, but 
rapidly decreases with increasing distance. 

4. That atoms deprived of electrons repel each 
other. 

5. That electrons mutually repel each other. 

6. That electrons moving side by side through 
the ether attract each other with a force propor- 

380 
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tional to their speed, and inversely proportional to 
the square of their distance apart. 

7. A change of momentum of an electron pro- 
duces a change of momentum in every other electron 
in the opposite direction. 

Those .assumptions and their corollaries embrace 
nearly all the facts hitherto accumulated. They 
are few in number — surprisingly few considering 
the v.ast array of facts they cover — and certainly 
fewer than those which form the b.asis of any of 
the older theories. But the hum.an mind is never 
satisfied to take things, even simple things, for 
granted. These things must be “ explained ’’ in 
their turn — that is to s.ay, they must bo reduced 
to other and fewer .and more familiar ideas. Such 
curiosity is legitimate so long as there are any 
fiicts remaining unaccounted for. But if it should 
be found that all facts .arc satisfactori’j' explained 
by the .assumptions of the electron theory, then 
the science of electricity will be complete, and 
further research into the cause and reasonableness 
of the fundamental .assumptions will fuld nothing 
now to electrical science. They may .add to our 
knowledge, indeed; but that new knowledge will 
constitute a now science. This is made evident 
by a glance at mathcm.atical .astronomy. All its 
facts are accounted for by Newton’s Law of gravita- 
tion, which states that two he.avenly bodies attract 
each other with a force proportional to the product 
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of their masses, and inversely proportional to the 
square of their distance apart. Further research 
into the nature of gravitational force will not 
amplify mathematical astronomy, nor will it enable 
us to predict astronomical events with greater 
accuracy than before. If, however, the law of 
gravitation should be found to bo subject to ex- 
ceptions, the theory will have to be recast, and 
this will mean, not a retrogression, but an advance 
towaixls new and more general truths. 

As J. J. Thomson says, the electron is at present 
better known than the atom. It is likely, there- 
fore, that an electron theory of the chemical atom 
will shortly come into being. Such a theory is 
made necc.s.sary by the facts of radio-activity whore 
atoms are found throwing off electrons and positive 
particles. These electrons and positive particles 
must therefore have been constituents of the atom. 

The .atom, with its detachable electrons, is some- 
times compared to the .solar system. Tlic analogy 
is somewhat far-reaching, and deserves to be pointed 
out, if only to assist the memory and the imagina- 
tion. 

If the solar system is an atom on a largo scale 
the sun must bo regarded as the positive nucleus 
and the planets as the electrons. It is actually 
found that the .sun has a positive charge, and the 
earth a negative charge. But those charges are 
comparatively infinitesimal, and do not perceptibly 



CONSTITUTION OF THE ELECTRON 283 

influence the force between them. In this point, 
tliorefore, the analogy fails. On the other hand, 
the ratio of the masses is very instructive. That 
of Jupiter is about one- thousandth of that of the 
sun, and approaches the mass of an electron in 
comparison with a hydrogen atom. The mass of 
the earth is ^bat of the sun, and this 

ratio is nearly the same as that of an electron to 
the atoms of the heavy metals. Wo may say, 
therefore, that in the solar system wo have ex- 
amples of the various actual ratios of mass as 
between an electron and its positive nucleus, 
though in the case of atoms it is the atoms 
themselves, and not tho electrons, which vary in 
mass. 

The solar system may be regarded os a magnetic 
molecule. Tho charge of tho earth is at tho very 
least 25 million coulombs or “ armies” of electrons. 
This charge passes round the sun once every )'ear, 
.so that the current represented by tho earth’s 
motion is 25 million coulombs per annum, or just 
about 1 ampere (0*1 “electro-magnetic” unit of 
current). Tho magnetic moment (see p. ll‘>7) of the 
system sun-earth may bo obtained by multiplying 
the current by tho area round which it circulate.s. 
The area of tho earth’s orbit is about 10” square 
centimetres, so that tho magnetic moment of the 
system sun-earth is 1 0“ c.g.s. units. This moment 
is too small to exert any measurable effect outside 
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the solar system, not to speak of influencing the 
orientation of the planetary orbits of other stans. 
Hence wo see, as before, that magnetic and electric 
forces play no appreciable part in the motions of 
the heavenly bodies. 

It may well bo, however, that the sun’s positive 
electric charge just balances the negative charges 
of the planets, in which ease the solar system 
would represent a neutral atom of matter. If, 
under such circumstances, another neutral solar 
system were to approach ours sufficiently closely 
to entice Noptmro from its allegiance to our own 
sun, we should have an illustration of two atoms 
combining, and then sepai’ating with opposite 
charges, our solar system being positively charged, 
and the foreign system negatively, having captured 
one “ electron,” Neptune, from us. Thus we should 
represent, .say, a mercury atom, and the foreign solar 
system, say, a chlorine atom. 

As matters stand, the solar systems of the 
visible universe do not .scorn to approach together 
so clo.scly as to interfere with cacli other’s planets. 
The visible universe thus represents a gas rather 
than a liquid or solid, except that portion called 
the Milky Way, which appears to have a con- 
sistency capable of giving it a metallic appearance 
if it could, by some magic moans, bo reduced to 
tangible dimensions. 

The visible stars number quite a thousand million. 
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Now, tho smallest object visible in a microscope 
con1,ains at least a hundred million atoms. We 
may take it for granted, then, that the visible uni- 
verse, whose outer edge is the Milky Way, if reduced 
in tho same proportion that an electron bears to 
tho earth, would resemble something rather like a 
human blood corpuscle, and would contain about 
the same number of atoms. 

A blood corpuscle is too small to observe indi- 
vidually its electric and magnetic properties, not to 
spoak of examining tho properties of its individual 
atoms and electrons. A largo number of universes 
would have to be taken together, and tho results 
would bo average values. If wo can imagine a 
giant of this now Urobdingnag endeavouring to 
arrive at some measurements of the masses, veloci- 
ties, and electric charges of the stars and planets — 
“ atoms ” and “ electrons ” ho would call them — he 
might very well find the same average value for 
each million of them which he might pick out at 
random. Ho might find that the ratio of the 
charge to tho mass of each detachable planet was 
the same, and that tho charge of each planet ap- 
proached a standard value within the limits of his 
poAvors of measurement. Ho would naturally .arrive 
at the same conclusion as Ave do with regard to the 
electrons — ^viz. that they arc absolutely constant 
and equal bodies, constituting the physical units 
and vehicles of electricity. 
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Further, our giant might bo able to sort the 
various solar systems according to their masses, 
and establish certain “ chomical ” aflinitics between 
systems of diftcrent mass. Ho might lind that the 
masses, which ho would cull “atomic weights,” 
showed a certain constancy, and a determining intiu- 
once upon the affiiiity and chemical characteristics, 
and would thus bo led to discover a largo-scdo 
“ periodic law.” Ho might, by compression or 
chemical treatment, bring the solar systems closer 
together, and enable a certain nunibor of planets to 
roam at largo among the fixed stars. Ho would 
thus have produced a “conductor.” Finally, ho 
might succeed in turning tho ecliptics of tho 
various solar systems into tho same plane, and 
thus would produco a “ magnet ” of stui>endous 
magnitude. 

Wo thus SCO that much insight into molecular 
physics may bo gained by considerations of astro- 
nomical phenomena happening on a much larger 
scale. 

The scale by which wo must reduce tho visible 
universe to get it down to microscopic dimensions 
is 10^® to 1. Tho radius of the solar system is, 
roughly, 10“ cm. This, on dividing by 10®*, be- 
comes 10"® cm., the radius of an atom. Neptune, 
one of tho most “detachable” planets we have, 
may bo likened to a detachable electron. Its 
radius is about 10® cm., and this, reduced in tho 
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same proportion, becomes 10"** cm., the radius of 
an electron. The mass of Neptune bears about the 
same ratio to that of the solar system as that of 
an electron boars to that of a lithium or oxygen 
atom, so that the analogy still holds good. The 
distance between tho sun and the nearest fixed 
star is about 10’® cm., and this, divided by 10“, 
becomes 10"* cm., or O'OOl mm., which is the mean 
free path of a molecule of air on a high mountain. 

If, besides reducing the linocar dimensions from 
10®® to 1, wo suppose the present velocities of tho 
heavenly bodies to bo maintained, wo obtain some 
very inlorosting and suggestive results. Since Nep- 
tune takes some 220 years to revolve once round tho 
sun, its “ frequency ” of revolution (i.c. revolutions per 
second) is 1'5 x 10~“. Since the path is reduced 
10®® times, tho frequency of describing it will bo 
incroa.scd in the samo proportion, and will become 
l‘o X 10’®. This is tho frequency of some infra- 
red waves of light. The frequency of tho planet 
Mercury will become 1'25 x 10’’, Avhich lies in the 
ultra-violet. All tho other planets will produce 
spectrum linos intermediate between these — i.c. 
lying in the visible spectrum. The asteroids will 
produce a broad band instead of a lino, and there 
will be certain extra linos due to perturbations of 
tho planets by each other. The solar system v^Ul, 
therefore, present a spectrum much rcscmhliny the sjiKe- 
tnm of a chemical element. This is a striking feature 
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of the analogy between an atom and a planetary 
system. 

We may also, of course, reverse the process by 
talcing the Lilliput world of the atom and the elec- 
tron, and enlarging it by the factor 10“®, leaving all 
its velocities as they were. An atom of, say, oxygen 
would thus become of the same size as tho solar 
system, and its two detachablo electrons woidd 
closely resemble Uranus and Neptune as regards 
size, distance from tho sun, and perii>d of revolution. 
One of tho cleetrons more closely bouml uj) with 
the atom, and assisting in jtroducing tho ])henomena 
of magnetism and radiation, but not of conduction, 
might resemble tho earth in size, and distance frotn 
the .sun, and might rovolvo rontul tho latter in one 
sidereal year. We naturally expect an electron, 
when enlarged to tho size of tho earth, to be a 
perfectly smooth .sphere. At least, so wo are accus- 
tomed to find it described. But such a sphere is, in 
reality, absolutely inconceivable; nor is it necessary 
to imagine it to bo so. An electron may have a 
structure resembling that of tho earth in every par- 
ticular, and yet not only could that make no differ- 
ence to its electrical or astronomical properties, but 
the fact of its having such a structure would remain 
for ever unknown to us, considering the scale of 
phenomena which are accessible to our senses. Wo 
may therefore, without in tho least interfering with 
tho cfiicioncy of the electron as a universal vehicle of 
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electrical manifestations, imagine it to be a veritable 
microcosm, a world in which life might not very 
materially differ from life on our earth. Indeed, 
considering that time and space would be reduced 
in the same constant and uniform proportion, it 
is doubtful whether our present instruments, thus 
suddenly transformed, would be able to indicate the 
occurrence of any fundamental change. This is 
but another illustration of the well-known principle 
that size and length of time are purely relative, 
and depend upon comparison with standards. If all 
dimensions, including the standards, were reduced 
in the same proportion, or if all things wore accele- 
rated or retarded in the same proportion, wo should 
bo absolutely unaware that anything had happened. 

On the other hand, if any intelligent being could 
bo transferred from the microcosm to our present 
world, and could keep up some connection with the 
microcosm, his bu.sy lifo here would appear to tho 
inhabitants of tho microcosm to be a changeless 
eternity, since any change measurable by them 
would take millions of their years to accomplish 
itself. 

We here enter upon the region of pure specula- 
tion, and it is not the function of a scientific work 
to deal with occult problems of that kind. But 
since tho electron theory promises to guide us 
further into the mysteries of matter than anything 
attempted hitherto, it is necessary to discuss the 

T 
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general prospect oven cursorily, To sum up, wo Bud 
in iho fruitful and suggestive astronomico-chemical 
analogy a boundless vista of worlds within worlds, 
which, while rightly preventing us from sotting a 
limit to the multiplicity of possible phenomena, 
comforts us with thorortection that for our purp)ses, 
and as far as our present senses aro concerned, the 
mnltiplieily of phenomena has an absolute limit, 
which makes it possible to look forward to the 
eventual formulalinu of a theory embracing all 
phenomena accessilile to our senses. 



CHAPTER XVII 


DIMENSIONS OF ELECTUICAL QUANTITIES 

The diiicovory tluit electricity has an atomic struc- 
ture, that its carriers are discrete 2>articles, brings 
the desirability of recasting our dimensional formula* 
into renewed prominence. Wo find that electricity 
is as fundamental as mass, 2jerhaj>s, indeed, more 
fundamental, and all indications 2)oiul to the ad- 
vantage of recognising electricity as a fundamental 
natural quantity. The other fundauiental quanti- 
ties so far recognised arc length, mass, and time. 
They are called fundamental quantities because, 
while none of them can bo measured in terms of 
the rest of them, the three quantities are capable of 
ineasuring other more complex quantities. Thus, 
we require no fundamental unit for velocity. We 
measure it in terms of our units of space and time, 
as cm. per second, or miles per hour. Neither do 
wo require a separate fundamental unit for work, 
which can be expressed in foot-pounds or horse- 
power-hours. There is nothing to jirevent us adopt- 
ing a si)ecial unit for it, such as the erg ; but this 
unit is not fundamental, as it can bo reduced to 
mass, space, and time. 


391 
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A fonmiln which expresses the luauner in which 
the three tuiulamontal units outer into the com- 
position 01 ikrivcd units is calloil a dimensional 
formula. Those forniulio arc very useful in ^ivin},' 
us an analysis of the structure of a physical (pian- 
tity, much as chemical formulae rovoal to us the 
structure of the chemical molocuh'. They are also 
useful for convertin'' quantities from one system of 
iij'jasurement to another. 

The fundamental quantities mass, length, and 
time arc denoted by the symbols M, L, and T re- 
spectively. Of tho.so, L is tlio most fundamental of 
.all, since M and T are often measured as lengths 
on a scale referred to the dimensions of the earth. 
T is referred to the time of rotation of the earth 
about its axis. M is referred to L and T by the 
stipulation that the unit of mass is the mass of 
water contained in one cubic cunlimolro when at its 
greatest density. Thus wo see that size and rotation 
of the earth as a whole give us our standards of 
space and time, and that a peculiar chemical sub- 
stance — ^water — gives us the standard of mass. This 
again illustrates the less fundamental character of 
mass. 

The measurement of an area requires two inde- 
pendent measurements of length, the results being 
multiplied together. Denoting each measurement 
by L, the measurement of an area may, therefore, be 
denoted by I?, and the measurement of a volume 
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by 1 ?. The last formula also indicates that when 
the linear scale is altered in any ratio, the numerical 
result will bo altered in the third power of that 
ratio, since the three results of the separate measure- 
ments of length are affected in the same manner. 

The measurement of a velocity involves the simul- 
taneous measurement of a length and a time. The 
velocity increases with the length, and decreases 
with the time taken to describe it. The dimensional 

formula of velocity is, therefore, or, as it is more 

usually written, LT'^. In measuring acceleration, 
wo measure the velocity acquired in a certain time. 
There are, therefore, two independent measures of 
time involved in the same determination, and 
the dimensional formula becomes LT"®. Force is 
measured by the mass moved and tho velocity it 
acquires in unit time. Its dimensional formula 
is MLT'®. Work or energy, measured by the 
product of force into distance, is represented by 
ML“T-^ and so on. 

It has sometimes been proposed to eliminate 
from tho dimensional calculus and to reduce it to 
L and T, as these arc more fundamental. This can 
be done as soon as wo can obtain an equation from 
which M may bo evolved in terms of L and T. For 
this purpose wo must find another permanent and 
universal property of mass besides that of always 
acquiring the same velocity under a given impulse. 
If, for instance, all bodies were equally dense, mass 
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would become identical with volume, and its furmula 
would bo L^ This, of course, is not by any means 
the case. But there is another universal property 
of mass, discovered by Newton. It is that the force 
of attraction between two ma.ssos is directly pro- 
portional to the prodtict of the masses and inversely 
proportional to the .square of the distance between 

them. This force may therefore be put. = or 

L"-. A force, .as wo m.ay have .soon above, has 
the dimensional formula M L T'^ Hence wo have 


MLT-» == L-* 

which cannot be true unless cither (a) some other 
quantity, .such as the density of the ether, is left 
out of accotml, or (1) mass is expressible in terms of 
L and T. For it is obvious that the dimensional 
formula! must be the same on both sides of the 
equation. Wc can never equate a length with a time, 
since they arc Wo essentially different quantities. 
It would be like saying, for instance, that three 
horses equal three dogs. Adopting the .alternative 
(Z»), .and dividing both sides by M, we obtain 

LT-‘ = ML-»orM = L»T-* 

which may bo regarded as the product of a length 
into the square of a velocity. Since, however, we 
.are as yet in entire ignorance of what that supposed 
velocity and length may signify, the gain is trifling. 
Wo might, indeed, measure the masses of difierent 
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bullets of the same size by the depth to which 
they penetrate into wood when fired with a given 
velocity; but the new method would be clumsy 
in comparison with the usual weighing methods. 
Besides, the discarding of M would make us lose 
a definite and useful physical conception which 
appeals directly to our muscular sense. 

Now, all the arguments in favour of retaining 
mass as a fundamental quantity also tell in favour 
of recognising electric quantity us a fundamental 
quantity. And it has a natural unit, the electron, 
of a much more prevailing and univer.sal kind. 

Electric quantity may bo measured by any one 
of the many sets of phenomena in which the amount 
of it present plays a decisive part. 

Wo have already described the two chief .systems 
of measuring electricity, one derived from electro- 
static repulsion (p. 38), and the otlier from clectro- 
dynamic or magnetic force (p. 148). To those may 
bo added the chemical system, which furnishes 
the most accurate method, though usually based 
upon the clectro-m.agnctic system. The electrostatic 
system derives its unit of electricity from the re- 
pulsion of two quantities of the same sign placed at 
unit distance apart. This is like deducing the unit 
of mass from its gravitational attraction. The 
equation is 

MLT »=E» L-* 

where E is the quantity of electricity. If we wish 
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to reduce E to M, L, and T, wo must solve the 
above equation for E. We obtain 

E»=M L’ T-» and E = M^ T-». 

This dimensional formula for E is very complicated, 
and its interpretation is made difficult owing to the 
fractional index of M, which seems irrational. And 
oven if we adopt it we do not know what pro- 
perties of the medium wo are leaving out of account. 
Berides, wo obtain a different dimensional formula 
for E when wo deduce it from some other property, 
such as magnetic force. It is, therefore, more 
advisable to consider quantity of electricity a funda- 
mental quantity, and to refer it to the electron as 
a standard, or to any of its measurable effects. By 
doing this we obtain a uniform, simple, and rational 
system of dimensional formulae, as will be seen in 
what follows. 

The fiind.amental units are M mass, L length 
T time, and E electricity. We obtain the following 
dimensional formula) : — 

Elfctric qvantity, E. 

Surface density of electricity, or quantity of elec- 
tricity per sq. cm., E L"^ 

Electric current, quantity of electricity passing a 
given surface in one second, E T'b 

Current density, current ]ier sq. cm. of section 
aciuss conductor, E T"* L*®. 

Electric force, same formula as force, M L T"“. 
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Electrostatic field, force exerted on unit quantity 
of electricity, M L E'\ 

Electric potential, work done on unit quantity, 

M L* T-* E-». 

Dielectric consta7it, (density of electrons) x (dis- 
placement in unit field), E* L‘* 

Besistance, by Ohm’s law, E.M.F. / current, 
ML"T-»E-2 

Resistivity or ^ecijie resistance, resistance of 1 cm. 
cube, M L*'t-‘ E-\ 

Conductivity (specific), inverse of resistivit}', 
M-i L-s T E®. 

This last admits of a simple interpretation in 
accordance with the electron theory (see p. 108). 
We may write it 

E L E 

L» ■ T ■ MLT-“' 

Or 

(electrons per c.c.) x (velocity of electrons) ^ • 

That is to say, the specific conductivity is measured 
by the number of free electrons per cubic cm., 
multiplied by the steady speed which each free 
electron acquires in a unit field. 

Wo also got the following magnetic formulae : — 

Magnetic moment, current multiplieil by area round 
which it circulates, El’"' L®. 

Magnetic pole-strength, magnetic moment per unit 
length, ET-’L. 

Magnetic force, same as force. 
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Maifuetk pokntial, work per unit niagncl pole, 

Mwjiidie fidd, force per unit magnet pole, 

Intcmity of magnetisation, magnetic moment per 
unit volume, E T'* L'\ which means the current 
cii-culiiting round uriit length of tho magnet. 

Strmjth of a magmiic shell, ET'* ( = current 
circulating round it). 

‘Magnetic fux, field multiplied by area, 

E->MT-' L-. 

Magnetic svscqHihilitg, intensity of magnetisation 
acquired in unit field, E’M'’ L''. 

Finally, for indurtavee, or the coenicient of .self- 
iuduclion, being the E.M.F. induced in a einaiil. by 
unit charge of current per .second, we obtain 

M L2 T -= E ' *, or M U K •. 

Tho above dimensional formuL'C exhibit at a 
glance the structure and derivation of tlio varimis 
electric and magnetic quantities, and their con- 
nection with the unit of electricity. 

Vrartical Units . — The natural unit of electricity 
is tho electron. But it is so cxcc.ssivcly small th.at 
it would be necessary to adopt a largo mvdtiplo of 
it in practice — say, a trillion electrons, or 0’112 
cmilomb — .sufficient to pass 0‘12G milligrammes of 
silver through an electrolytic cell. This, however, is 
at present impossible, since the charge of an electron 
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in not, known with sufficient accuracy. In any case, 
it would bo unwise to dislocate electrical engineer- 
l>y displacing the present units unless some 
very great advantage would accrue therefrom. The 
practical unit of electricity is the coulomb, which 
contains 8’79 trillion electrons. This unit I have 
sometimes called an “army” of electrons, not in 
order to displace the word coulomb, but to empha- 
sise the atomic structure of electricity, and also to 
distinguish it from the much smaller electrostatic 
unit or “company” (see p. 38). The ratio of the 
electro-magnctic unit (10 “armies”) to the “com- 
pany” is 3x10“, or the figure rcjircsenting the 
velocity of light. The magnetic attraction between 
two electrons moving side by side through the 
ether just balances their electrostatic repulsion 
when their velocity roaches that figure. 

I'hc practical unit of current strength is the 
nmpt're, consisting in the passage of one coidomb 
per second through .any cross-section of the con- 
ductor. If a current of one ampferc is sent through 
an electrolytic cell or voltameter consisting of silver 
electrodes immersed in a solution of silver nitrate, 
the current deposits I'll 8 milligrammes of silver 
per second. This is the legal definition of current 
strength. It may .also bo arrived at through mag- 
netic attraction (see p. 153), and that is how the 
unit of current w.as originally fixetl. Hut the 
“ electro-magnetic ” unit of current is ten times 
the value of the amp6re. 
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The next most important unit is that of differ- 
ence of potential. To bring a quantity of electricity 
from a point at low potential to a point at high 
potential requires an expenditure of work. This 
work per unit quantity measures the difference of 
]x>tential between the two points. We might define 
unit difference of po’icntial as existing between two 
points when it requires one " erg *’ of work to bring 
one “ company ” or olectro.static unit of electrons 
from one to the other. This i.s the electrostatic 
unit of difference of potential. The practical unit 
is the volf, which is part of this. To take one 
coulomb through a difforonco of potential of one volt 
requires an expenditure of 10 million ergs, a quan- 
tity which has been called one "joule,*' after Joule, 
the discoverer of the law of heating in current- 
bearing wires. CNniverscly, when one couloirib falls 
through one volt, one joule of work may be derived 
from it. As a rule, it is represented by the heat 
in the wire, generated by the .stoppages of the 
electrons. 

The mo.st obvious way of defining conductivity 
would bo to ascribe unit conductivity to a substance 
containing one free electron per cubic cm., capable of 
acquiring a steady speed of one cm. per second, under 
the inHuenco of a field of one Vf)lt per cm., or to stipu- 
late that in such a field one electron per second should 
pass through every square cm. of the cross-,section. 
But in practice the conductivity is derived from 
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tlio resistance, and this is derived from the current 
and voltage. A conductor has a uuit resistance 
of one “ohm” if a current of one ampere flows 
through it on applying a difference of potential of 
one volt to its ends. 

The work done by a current is measured in joules. 
The rate of work or “ power ” is measured by the 
product of current and voltage, the unit being the 
toalt, consisting of one joule jKsr second. Many 
practical electricians measure the work in watt- 
seconds or kilowatt-hours rather than in joules. 
One kilowatt-hour is 3,600,000 joules, or 3’G x 
10’* ergs. 

It has already been staled (p. 168) that unit 
magnetic pole is possessed by a long thm magnet 
of 1 sq. cm. sectional area if the current circulating 
round it amounts to ono electro-magnetic unit 
( = 10 amperes) per cm. length. In this case the 
practical unit (the ampere) is not adopted, and the 
same may bo said of the other m.agnotic quantities, 
which were originally based upon the repulsion 
between two similar magnet poles. The most im- 
jrartant of these are the magnetic moment (length 
multiplied by pole strength), the magnetic field 
(force per unit pole), intensity of magnetisation (mag- 
netic moment per unit volume), and the magnetic 
susceptibility (magnetisation in unit field). The 
magnetic “ permeability ” is the total field existing 
in the interior of a substance when immersed in 



302 THE BLECTBON THEORY 

unit field. It is measured by l+4'3rK, where K 
is the luagnotic susceptibility. The “ induction ” B 
is the product of the permeability and the field 
strength. It represents the actual internal mag- 
netic field of the substance. 

This magnetic “induction” must bo carefully 
distinguished from the electro-magnetic induction 
which gives rise to induced currents, and also from 
the electrostatic induction or “ intluonco,” which 
gives rise to charge.s in bodies when brought into 
an electric field. It is unfortunate that this word 
has acquired throe ditferent meanings. 

When a current through a conductor changes, 
the inertia of the moving electrons, whether duo to 
their own motion or to the reaction of surrounding 
electrons, represents a store of energy which is 
expended in resisting tho change, and tliis store of 
energy per unit quantity in motion may bo measured 
in volts. When the current cither decreases or 
increases at the rate of one ann)6ro per second, and 
the E.M.F. thus induced in the circuit is one volt, 
tho conductor is said to have unit inductance. 
This unit of inductance is called one henry. It is 
10® times tho unit derived from theoretical con- 
siderations of tho E.M.F. induced in a conductor 
traversed by lines of force, whore the inductance is 
defined as tho number of linos of force added to or 
subtracted from those traversing the circuit owing 
to tho change of current (see p. 189). 
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Tho dcvclopriiont of electrical science lias suffered 
much by tho existence of three different systems 
of electrical units, called tho electrostatic, electro- 
magnetic, and tho practical units respectively. This 
multiplicity of systems was due to ignorance as to 
the real nature of magnetism, and to tho prevalence 
of false analogies between electric and magnetic 
phenomena. We now see that magnetism is re- 
ducible to tho revolution of electrons. It has 
sometimes been urged as an objection to this v:ew 
that there would have to bo some gyroscopic action 
duo to tho innumerable minute molecular gyro- 
scopes constituted by the revolving electrons. liut 
tliis objection leaves out of account tho extreme 
sin u’t ness of the period of revolution, a shortness 
which enables tho electron to follow a rotatifui 
much as a high-frequency galvanometer needle gives 
a dead-beat reading. 

Tho electron tho<jry, with its logical corollary — 
tho recognition of electricity as a fundamout:d 
quantity — gives a consistent and comprehensive 
view of all tho facts of electricity and magnetism 
hitherto accumulated. Within the next few years 
wo shall, no doubt, witness its application to every 
detail of electrical science. 
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RECENT PROGRESS 

1. Ai^plicntion of Centrifugal Force to Electrons, — A 
curious experiment has been tried by E. F. Nichols, 
embodying an attempt to produce an electric current hy 
centrifugal force. His idea was that if a disc of metiil 
is spun rapidly about its centre the centrifugal force de- 
veloped will force any loose electrons or positive atoms 
to the rim, and give the rim a negative or positive charge, 
which will subsist as long us the speed is maintained. 
He drove an aluminium disc 10 cm. in radius at a speed 
of 100 revolutions per second, and connected the terminals 
of a delicate electrometer with its centre and rim re- 
spectively. The effect, if it existed, was too small to be 
observed. It is hoped the attempt will be repeated on 
a larger scale. (See ElecMvian for October 19, 190G.) 

2. Utilisation of EaiiJis Potentiah — The estimated poten- 
tial of the earth is - 300 million volts (see p. 70). This 
estimate is confirmed by recent researches on atmospheric 
potential, and may be taken as approximately correct. 
A. Breydel has recently proposed to utilise this enormous 
store of energy by connecting different levels above and 
below the earth's surface, and generating electric cur- 
rents by means of the difference of potential thus secured. 
This difference of potential amounts to .some 64 volts per 
yard. Many balloon explosions, and explosions in mines, 

105 jj 
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are probably due to this cause. The difficulty in the way 
of practical working would lie in the uncertain influence 
of the weatiier conditions. Tiieso often modify and oven 
reverse the potential gradient above the earth’s surface. 
(See Bidletin Mensw^l de la SocirtS ISehje d^ Elect ricien$j 
No. 23, September 1900). 

3. Electrons and Spixtrum Lines. — In a paper on “ Klec- 
trical Vibrations and the Constitution of the Atom *' 
{Philosojdiical J.-inuary lOOG), Lord Jtayloigh 

discusses the various theories of the mechanism of radia- 
tion. The “ .*<phere of positive oloctrification ” as.simied 
hy Kelvin and Tliomsoii to form the atomic nucleus is 
imagined for the purpose of enabling electrons to revolve 
with constant frequency, sitico the attraction exerted 
\ipon the electron by the containing sphere is proportional 
to its distance from the centre. This would give some- 
thing like the observed fixity of the spectrum lines. But 
tliis fixity is only observed in glowing gases, not in 
glowing s(3lids or liquids. If the electrons really revolved 
within the mysterious sphere of positive electrification, 
there is no reason why they should not give a sharp line 
spectrum even in the solid state. In the gaseoins state, 
on the other hand, the collisions of atoms are very rare 
as measured by the number of revolutions — about one 
collision evei y 100,000 revolutions — so that between the 
collisions the spectrum lino would be undisturbed. But 
here another source of disturbance must bo considered. 
The revolving electron emits energy at the expense of its 
own velocity, the energy varying as the fourth power of 
the frequency. The loss of speed will render the position 
of the electron in its orbit unstable, just as that of the 
earth would be if it were retarded. But such retardation 
would not make itself felt for 100,000 revolutions at all 
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events, even of luminous frequencies. We thus have 
a steady state for 100,000 revolutions or so, and a 
catastrophe of sonic kind at the end, resulting perhaps in 
the total extinction of the luminous radiation. The effect 
in the spectroscope would be a steady and sharp line, 
owing to the frequency being furnished by a vast number 
of electrons simultaneously, the gi'eat majority of which 
have the standard frequency. It remains to be explained 
how it is that the elements always give rise to certain 
characteristic orbits. This is a matter which concerns 
tlio intimate structure of the atomic nucleus, and though 
J. J. Thomson has made an interesting attempt to build 
it up on the basis of stiible rings of electrons, the theory 
of atomic constitution is only in its infancy. 

Lord Rayleigh says ; “ A partial escape from these diffi- 
culties might be found in regarding actual spectrum lines 
as due to difference tones aiising from primaries of mucli 
higher pitch — a suggestion already put forward in a some- 
what different form by Julius. In recent years theories 
of atomic structure have found favour in which the 
electrons are regarded as describing orbits, probably with 
great rapidity. If the electrons are sufficiently numerous, 
there may be an approach to steady motion. In case of 
disturbance, oscillations about this steady motion may 
ensue, and these oscillations are regarded as the origin of 
luminous waves of the same frequency. But in view of 
the discrete character of electrons such a motion can 
never be fully steady, and the system must tend to radiate 
oven when uiulistuibed. In particular cases, such as 
some considered by Professor Thomson, the radiation in 
the undisturbed stiite may bo very feeble. After dis- 
turbance, oscillations about the normal motion will ensue, 
but it does not follow that the frequencies of these oscilla- 
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tions will be manifested in the spectrum of the radiation. 
The spectrum may rather be due to the upsetting of the 
balance by wliich before disturbance radiation was pre- 
vented, and the frequencies will correspond (with modi- 
fication) rather to the original distribution of electrons 
than to the oscillations. For example, if four equally 
spaced electrons revolvQ in a ring, the radiation is feeble, 
and its frequency is four times that of revolution. If tlu* 
disposition of equal spacing bo disturbed, there must be 
a tendency to recovery and to oscillations about tliis dis- 
position. Those oscillations may bo extremely slow ; but 
nevortlicloss frequencies will enter into the radiation once, 
twice, and thrice as great as that of revolution, and with 
intensities which may bo much greater than the original 
radiation of fourfold frequency. 

“An apparently formidable dilllculty, emphasised by 
Jeans, stands in the way of all theories of this character. 
JIow can the atom have the definiteness which the spec- 
lr(iscope demands? It would seem that variations must 
exist in (say) h}drogon atoms which would be fatal to 
the sliarpnoss of the observed radiation ; and indeed the 
gradiud change of an atom is directly contomidated in 
view of the phenomena of radio-activity. It seems an 
absolute necessity that the large majority of hydrogen 
atoms should bo alike in a very high degree. Either the 
number undergoing change must be very small or tdse 
the changes must be sudden, so that at any time only a 
few deviate from one or more definite conditions. 

“ It is possible, however, that the conditions of stability 
or of exemption from radiation may after all really de- 
mand this definiteness, notwithstanding that in the com- 
paratively simple cases treated by Thomson the angular 
velocity is open to variation. According to this view, 
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the frequencies observe^l in the spectrum may not bo 
frequencies of disturbance or of oscillations in the ordi- 
nary sense at all, but rather form an essential part of 
the original constitution of the atom as determined by 
conditions of stability.” 

4. Canal Hays . — A fact of first-rate importance in con- 
nection with the theory of radiation has recently been 
observed by Johannes Stark (see Physikalisclie Zeitsehnft^ 
December 15, 1905). It is that canal rays (p. 119) show 
a displacement of the spectroscopic lines of the gas they 
traverse in accordance wuth their own velocity. .They 
show, in fact, the “ Doppler effect.” Doppler's principle 
assorts that the wave-length of a wave is apparently 
increased if the source is moving away from the observer, 
but diminished if it is moving towards him. The ratio 
in which this is done is the same as the ratio of the speed 
of the source to the speed of light. This was exactly 
verified by Stark in hydrogen, and by Hermann in 
nitrogen. Canal rays have a speed of some 2fi0 kilo- 
metres per second, wdieroas the speed of light is 300,000 
kilometres per second. A difference of 1 in 1500 of the 
wave-length is easily observed in the spectroscope. 

This now observation proves that radiation is not due 
to collision, or at least not maintained by it. For the 
first time we have under our eyes bodies whose state of 
motion can bo confronted with their own radiation. The 
canal ray particles arc positively charged nuclei of matter, 
the quickest among them being simply positive atoms, 
Le, atoms rendered positive by losing one or two elec- 
trons. These, then, are capable of radiating spectrum lines 
witli the aid of those more closely attached electrons 
whoso existence has already been postulated. The detach- 
able electrons do not generate spectrum lines. Their 



3^0 . 


APPENDIX 


revolutions are irregular and greatly disturbed. Another 
observation by »Stark brings this out clearly, lie finds 
that the bands in the spectrum exhibit no Doppler effect ; 
that is to say, the mechanism generating these bands is 
stationary. This can only mean that it is unchanged, 
that it consists, in fact, of neutral gaseous atoms or 
molecules, Wlien the detachable electrons ladiate they 
do so in all sorts of periods, and their band spectrum 
overlays and obscures the lines of the more closely-linked 
electrons. 

The existence of the latter, with their comparatively 
undisturbed orbits, furnishes a new suppoit for the 
electron theory of magnetism. 

5. Metallic Conduct iotu — An admirable summary of the 
<d octroi! tlieory of metallic conduction w’as given by Prof. 
J. J. Thomson in a lecture delivered before the London 
Institution of Electrical Engineers on Kebriiary 21, 1907. 
If the electrons move free in tlie metal to any consider- 
ate extent, they must be in thermal eqiiililn ium with it.s 
molecules. This means that the average kinetic energy 
of tlio electron must equal the average kinetic energy of, 
say, a hydrogen molecule having the same temp(uatuve. 
.Its mass being much smaller, it must make compel »sation 
by its liiglier speed. The square of its velocity must be 
lUOO times the square of the velocity of the hydrogen 
molecule. At the temperature of freezing water it must 
bo about 10"^ cm. per second. The darting about of those 
electrons produces no continuous current, since they dart 
about equally in all directions, unless an electro-motive 
force acts upon them. The additional velocity then ac- 
quired or lost by the electrons is as a rule much smaller 
(say, a hundred times) than their heat velocity. If t is 
the interval between two collisions, X the electric force, 
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and e and m the charge and mass of the electron, the 
acceleration is and the velocity acquired under this 
acceleration during each free excursion is — t. The 

average electric velocity is therefore ^ t Call this u. 
Then the amount of electricity that will pass through unit 
area in unit time will be nue = J t. where n is the 

number of electrons per cubic cm. This is the current, 
and the E.M.F. being X, we get fche conductivity by 

dividing the current by X, so getting ^ -- This ij also 

tlie specific conductivity, since we are considering 1 c.c. 
Its dimensions are E- T, or the same as those 

given on p. 297. 

If A is the free path of an electron, t may be put = ^ , wliere 

is tlie thermal velocity of an idectron, which, as we have 
seen, is but slightly affected by the electric acceleration. 
Now the thermal conductivity of a ga.s, as dt^termined in 
the kinetic theory of gases, is JwAru, where is the 
kinetic energy of any molecule of any ga.s at a tempera- 
ture (K The value of a is about 1*5 x 10~^^», and }^mv- = aO. 
The ratio of the thermal to the electrical conductivit v 

is obtained by dividing the two expressions. It is In 

oC“ 

this formula, both n and A go out, and nothing remains 
that would be characteristic of the mohil. Hence the 
ratio of the two conductivities should be the same in all 
metals at a given temperature (Law of Wiedemann and 
Franz). 

This assumes, of course, that the thermal conductivity 
is due entirely to the electrons, and not to the atoms of 
the metal. If the latter also take part in thermal con- 
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(liK'iion the ratio varies, and we get thermo-electric 
effects. 

The actual ratio as calculated hy Thomson is 6'1 x 10^® 
in C.G.S. units. The values found by Jaeger and Diessel- 
horst are G‘7 for copper, 6*8 for silver, 7*09 for gold, 6*36 
for aluminium, 8*02 for iron, and 11*0 for constantan 
( X 10^^). The ratio being proportioned to the absolute 
temperature, its temperature coellieiont should be 0*366 
The actual value for copper is 0*39, silver 0*37, and 
gold 0*36. 

There is an immense amount of energy radiated owing 
to the periodical stoppage of the electrons by collision. 
These stoppages, as wo know, give rise to Rontgen rays, 
and many of these no doubt penetrate beyond the surface 
of the metal. This may account for tl\e blackening of 
pliotographic films by such metals as zitic. But most of 
the radiation is reabsorbed by the metal, and only a small 
proportion is actually lost, to be recovered in the form of 
radiation from without. The energy actually transferred 
within 1 c.c, of the metal is, according to Thomson, equal 
to that turned out by an electric supply station of con- 
siderable dimensions. 

A simple representation of the Peltier and Thomson 
effects is given by the same author in his “ Corpuscular 
Theory of Matter,” p. 97. It is worded as follows (sub- 
stituting the word “electron” for “ corpuscle ”) : “These 
effects on the theory first discussed, that electrons are 
distributed throughout the metal and are in temperature 
equilibrium with it, may be regarded as arising in the 
following way. If there are n electrons per unit volume, 
and V is their average velocity, then through unit area in 
the metal, ^nv electrons will in one second pass through in 
one direction. Ilerico if we have two metals, A and B, 
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in contact, and if nv in A is not the same as in B, the 
number of electrons that flow from A to B will not be 
the same as the number that flow from B to A, To fix 
our ideas, let us suppose that the flow through A is 
greater than that through B ; A will lose more electrons 
than it will gain, and so will become positively, while B 
will be negatively, electrified. This distribution of elec- 
tricity will tend to diminish the flow of electrons from A 
and increase that from B, and the charges of electricity 
will accumulate until they have made the two flows equal, 
when things will be in a steady state. This accumulation 
of positive electricity on A and of negative on B will 
form an ‘ electric double layer,* between the coatings of 
which there is a finite potential difference which is a 
measure of the Peltier effect at the junction of the 
metiils. Similarly, if the flow \nv depends upon the 
temperature of the metal, the transport of electrons 
through each section of an unequally heated conductor 
will vary, and the state of the conductor cannot be steady : 
the difference in the amount flowing through different 
sections will produce an accumulation of electricity along 
the conductor ; this will produce an electric force which, 
by increasing the flow where it was small, and diminish- 
ing it where it was large, will make the flow uniform 
throughout the conductor. These forces represent the 
Thomson effect.” 

L. Bloch {Coniptes Rendm^ Nov. 4, 1907) makes some 
new computations of the number of electrons per c.c. and 
of the interval between t'wo collisions. This interval is 
really much shorter than would result from the calcula- 
tion on p. 89, since the electrons, being in thermal equi- 
librium with the atoms, move with prodigious velocities 
(of the order of 10" cm. per second) even without any 



314 


APPENDIX 


external electric force, and this speed is but little changed 
by the acceleration duo to the ordinary electric forces at our 
disposal. The duration of the interval of freedom ranges, 
according to Bloch, from 1*96 x 10”^^ sec. in the case of 
silver and 1*92 x 10*^'’ sec. in the case of copper, through 
aluminium, zinc, sodium, and antimony, down to bismuth, 
in which it is only 0*85 x 10”“^^ sec. But the calculation 
of the time required foi«an average electron to get throindi 
the copper (p. 89) is unaffected by this thermal speed, 
which works both ways and cancels itself. The number 
of “^compartments ” or stoppages per cm. required to pro- 
duce the actual resistance of copper is 14,000 instead of 
50 millions, meaning that a freely flying electron pene- 
trates on the average 0 00007 1 cm. of copper before it is 
stopped. (Lenard succeeded in making electrons pass 
freely through 0*00026 cm. of aluminium.) The calcula- 
tion of the current supposes that each electron, after 
stoppage, commences its new fall at onre, Tliis, of course, 
is not the case. It passes 5000 times the interval of its 
free fall attached to .some copper atom. But .5000 otlnu- 
electrons take its place meanwhile, so that the requi.site 
number of electron.s are always free. The total <h^tach- 
able electrons are estimated by Bloch (from o})tical data) 
at 2'G quadrillion per c.c., or 21 to each atom. Silver has 
.‘38 electrons dchichable from each atom, zinc 5*6, and 
bismuth only 1*2. 

The formula which connects the conductivity with the 
absorption of light is nVi — uTy where n is the refractive 
index, h the coefliciont of absorption, ir tlie electi'ostatically 
measured conductivity, and T the period of the incident 
light. This formula shows that the absorption increases 
directly as the conductivity, and also (for slow >vaves) with 
the period. For rapid waves of short wave length, nVj 
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becomes <frT. liut a simple calculation will explain why 
even the Ijcst conductors among electrolytes do not aVjsorb 
light to any groat extent. The conductivity of mercury 
is whereas that of the best conducting solution of 
sulplmric acid is 7 x 10^^. For light waves of period 
‘JxlO"'^®, we have therefore (rT = 0*0014, and the co- 
efficient of absorption 0‘0008. In mercury, o-T = 20, and 
since the refractive index for yelLw light is 1*87, h be- 
comes 5*7. In the former case the light only loses 0*5 
per cent, of its intensity by traversing its own wave- 
length, and 2*15 per cent, by traversing 1 cm. In the 
case of mercury, the light is weakened in the large pro- 
portion of 10^*’ : 1 by traversing its own wave-length. 

Jean Becquerol has lately (see Compfes Nov. 

11, 1907) discovered an effect of temperature on the 
absorption bands of crystals such as tysonite. These 
become more numerous and sharp when tlie crystal is 
immersed in liquid air at the temperature of - 188° 0. 
The discoverer calculates that there are some 10,000 
electrons engaged in this absorption in every c.c. of tlie 
cry.stal at ordinary temperatures, and about double that 
number at tlie temperature of liquid air. 

6. Theory of Maym^tUm, — This has latel}’ beo7i further 
<leveloped by P. Weiss (see Journal Je Physipie^ September 
1907, p. 661). The difference between paramagnetism 
and ferromagnetism much resembles that between a gas 
and a liquid. In both cases the mutual action of the 
molecules is decisively effective in one phase, and not in 
the other. ]\Iagnetic saturation is never oven approached 
in feebly magnetic bodies, and is never complete even in 
strongly ferromagnetic bodies. Langevin considered the 
mutual influence of the molecular magnets as a matter 
very difficult to deal with mathematically, but Weiss has 
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greatly simplified this influonco by showing that it may 
be considered as due to an internal fieltl which ho calls 
the “molecular field/* and which may be bikeu theoreti- 
cally as uniform. This molecular field plays the same 
part in feiTomagnetism as the “internal pressure ” does 
in liquids. Like this, it is extremely high, about 80 
million units at ordinary temperatures. It is proportional 

to where d is the temperature at which f< rro* 

magnetism disappears, and T is the absolute temperature. 
The paramagnetic suacoptilnlity is, according to Curie, 
inversely proportional to the absolute temperature. It 

may bo put = where 0 is Curio’s constant. The value 

of this constant is, according to Weiss, directly propor- 
tional to the atomic weight and to the number of atoms 
in tho molecule, and may therefore’ bo used to determine 
this number. By this means, Weiss proves that at a 
temperature of 1280® 0. iron is transformed into what 
is called 8-iron, and in this transformation tho molecule 
is changed from a diatomic to a triatomic one. Tho 
susceptibility (always very small above 7 GO® 0.) increase.s 
by 50 per cent, at tho transformation point. 

A fairly successful attempt at unravelling tho pheno- 
mena of hysteresis is based upon tho remarkable behaviour 
of pyrrhotine, a crystal which has one direction of easy 
magnetisation. However weak tho magnetising field may 
bo, the crystal is immediately magnetised to saturation 
On reversing the field, the magnetisation jumps suddenly 
and completely round a.s soon as the field reaches a certain 
critical strength. The crystal possesses three different 
susceptibilities along three axes at right angles to each 
other, and when these and the corresponding demag- 
netising fields are known, all tho phases of magnetisation 
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may be calculated. Iron may be regarded as a con- 
glomerate of cubic crystals facing different ways, with a 
demagnetising field of 120 units in one direction, and 
practically infinite in a direction normal to it. 

The curious magnetic properties of Heusler^s alloys of 
non-magnetic elements (aluminium 16 parts, manganese 
24 parts, copper 60 parts) are probably due to a raising of 
the temperature of transformation of manganese. Alloys 
often have widely different fusing points, <fec., from their 
constituents. The neutral molecules may facilitate the 
orientation of the elementary molecular currents. 

7. Elect rol yds . — The quantitative theory of electrolysis 
lias been worked out mainly in the line of determining 
the hydration of the ions, which (see p. 103) is chiefly 
responsible for the differences in their mobilities. Bous- 
field found that the potassium and chlorine ions are each 
combined with about five molecules of water, and the 
slower lithium ion with about twenty molecules. Buch- 
bock {Zeitschr, Phys, Chem.^ Juno 8, 1906) attacked the 
(piostion by tracing the displacement of a non-olectrolytic 
solute during the electrolysis of a conducting solution, 
lie found that the chlorine ion is combined with three or 
four molecules of water, according to the concentration. 
The mobilities of the various ions have been redeter- 
mined by K. Drucker {Zeitschr, Eleldrocliemiey March 8, 
1907), and found to be from 2 to 5 per cent, smaller than 
the values given on p. 104. (See also “ The Application 
of the Electron Theory to Electrolysis,” by E. E. Fournier 
d'Albe, Transactions of the Farwlay Society, vol. iii,. 
Part I.) 

8. Electrons and the Ether. — Various attempts have been 
made to clear up the relations between electrons and the 
ether, notably by Thomson, Kelvin, Einstein, Schott, and 
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lx)dge, but no comprehensive theory has been hitherto 
iirrived at. No further evidence has boon adduced in 
favour of the probability of the existence of positive elec- 
trons beyond J, liecquerers observations of the absorption 
in tysonito. The anomalies of the Hall effect are explained 
by Thomson by considerations of the behaviour of electric 
doublets in a metal exposed to a magnetic field (see his 
“ Corpuscular Theory of Matter 

As regards the shape of the electron, the ovidei ce to 
date points to rigid spheres, unaffected by motion tlirough 
the^.ether (Abraham). 

1). Mcujnetir Ilai/s . — A new species of rays lias been 
discovered and studied by Augusto llighi (see IlewUronii 
della li. Accademiti dei Linreiy February 2, 11)08, and 
December 20, 1908. Reprinted and ampHlied in La 
Materia Radieinie e i Rayt/i Maynetiei, Zanichelli : Bologna , 
1909). The rays are a species of cathode rays which, 
instead of being bent into circular paths by a magnetic 
field, follow the lines of force of the latter. The field 
must be a very strong one. According to the theory 
formulated by Righi, these rays consist of systems of 
positive atoms attended by revolving electrons. The 
magnetic field has the effect of increasing the staliility 
of those combinations which happen to bo moving along 
the lines of magnetic force, and whose electronic orbits 
are in accordance with the field itself. 

10. Metallic Conduction , — In the course of a review on 
the modern views of the metallic state (Zeitschrift file 
Klektrochemie^ July 15, 1909), E. Riecke makes some 
new determinations of the mean free path of free elec- 
trons, their number per metallic atom, and the diameter 
of the latter. He assumes that at the melting point the 
metallic atoms (considered as spheres) are in immediate 
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contact. This gives 1*6 x 10"“® cm. for the diameter of 
the copper atom, wJiich agrees well with the value 
assumed on p. 83. The number of free paths of the 
electron jicr cm. is 0*13x10® (instead of 0*5x10® as 
assumed on p. 89). The number p of free electrons 
per atom may be calculated (a) from thermo-electricity ; 
(b) from atomic heat; (c) from the refraction and ab- 
sorption of light in metals. The values for p found 
by the three methods independently range (a) from 
0*53 lii to 1*22 Fe; {h) from 0*93 A1 to 1*24 Sn; {r) 
from 2*04 Ni to 6*57 Al. The general average ig 1*8 
mobile electrons per metallic atom. 

11. Eleinenia and Electrons , — In his Presidential Ad- 
dresses to the Chemical Society for 1908 and 1909, 
Sir William Ramsay has developed a new view of the 
chemical elements, according to which they are built 
up of positive nuclei together with groups of definite 
numbers (usually 8 or 16) of electrons. The addition 
or subtraction of the latter causes their atomic weights 
to deviate from perfectly regular series. It also brings 
about a total change in their chemical properties (see 
Journal of tlie Chemical Society, April 1909). 
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